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fect of Reaction Between Mercury and Oxygen 
Upon Polarographic Waves of Certain Metals 
at Small Concentrations 


By Edgar Reynolds Smith, John Keenan Taylor, and Roberta Evelyn Smith 


Polarographic waves of certain metals, notably of lead, zinc, copper, cobalt, and nickel 
in dilute neutral solutions, diminish progressively with time in the presence of mercury and 
air. This behavior is not to be explained by adsorption, as has previously been supposed, 
but by a reaction between mercury, water, oxygen, and the ions of the metallic salt which, 


in some instances, precipitates the metal from solution in the form of its hydroxide. This 


reaction is 


2Hg+H,0+ 1/2 03+ MCh =HgsCl,+ M(OH)s, 


in which M represents the metal. 


Recognition of this reaction and precautions to exclude 


it are essential for accurate polarographic determinations of small amounts of heavy metals. 


I. Introduction 


he polarographic method has been used for the 
mination of small amounts of metals in ores 
lalloys [1, 2, 3, 4], plant ashes [5], biological 
terials |6], samples collected in industrial 
rene studies [7, 8], mineral waters [9], and other 
terials. Many references could be cited, but 
e suffice for typical examples. The presence 
1 unsuspected systematic error in such deter- 
ations night lead to expensive mistakes in the 
tof an ore or the composition of an alloy, or 
i cause unfortunate consequences through 
approval of unsafe respiratory equipment. 
example, if a polarographic analysis for the 
unt of lead in fumes were to give a negative 
it when lead was actually present, serious 
n to the health of workers could result. 

uring the course of some work on the amount 
ead that might enter a cup of tea from certain 
és, the polarographic waves produced by small 


n brackets indicate literature references at the end of this paper. 


arographic Waves 


concentrations of lead in neutral solutions were 
observed to decrease progressively to the point of 
extinction when the solutions were allowed to 
stand in contact with mercury and air. This be- 
havior must have been found by others, since 
Kolthoff and Lingane [10], in their review of 
principles and applications of the polarographic 
method, say: 

“Adsorption of electroreducible ions (particu- 
larly heavy-metal ions) by the glass wall of the 
cel] must be prevented. Such adsorption may be 
particularly marked when dealing with very small 
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concentrations of heavy-metal ions (e. g. micro- 
polarographic determination of lead ions), but 
it can usually be prevented by acidifying the 
solution.” 

However, an investigation of the matter has led 
us to conclude that the effect is not one of ad- 
sorption but instead is the result of a chemical re- 
action similar to the reaction 


which is known to disturb the potential of the 
silver—silver-chloride electrode [11, 12]. Accord- 
ing to this analogy, the reaction that causes the 
heavy-metal ion to disappear from solution in the 
polarographic cell is 


2Hg+H,0+ 1/2 0,4+MCl,= 
Hg.Cl,+M (OR),, 


in which M represents the heavy metal. 7 
reaction probably occurs in the two stages 


MCl,+2H,O=M/(OH),+2HC! 
and 


the net result of which is expressed by eq 1. 

The experimental work on which is based ; 
conclusion that the effect is one of chemical 
action rather than adsorption is reported in ; 
paper. 


II. Experimental Details 


Two polarographs of the photographic recording 
type were used. One of these was the model VIII 
instrument of V. & J. Nejedly, Prague, Czechoslo- 
vakia, described in a previous paper [13] and the 
other a Sargent-Heyrovsky model XII instru- 
ment. The electric measuring circuits of both 
were calibrated by measuring the potential drop 
across a standard resistor, which was substituted 
for the polarographic cell. 

The dropping-mercury electrode used in most of 
the work was made by sealing a piece of capillary 
tubing of approximately 0.05-mm bore to a reser- 
voir of large cross section so that no significant 
decrease in the driving head occurred during an 
operational period of about 1 hour. Periodic 
addition of mercury sufficed to maintain constant 
to better than 1 percent the mass-flow from the 
electrode. Frequent measurements of the drop- 
time and the mass-flow were taken to make sure 
that conditions were comparable during a series of 
measurements, 


The cells were of the familiar Erlenmeyer 4 
and provided for inert gas to flow through 
solution before and over the solution du 
measurements, to exclude oxygen. The nitrg 
used for this purpose was freed from oxygen 
passage over copper heated to 450° C and th 
saturated with water vapor before introduc 
into the cell to minimize concentration e 
arising from evaporation. 

For the most part, stock solutions were m 
by dissolving in acid known quantities of the; 
metal, evaporating to dryness, and diluting © 
water to a known volume. Where this was 1 
feasible, salts of known purity were used. Th 
stock solutions were diluted quantitatively to 
concentration desired for a particular experim: 
Sufficient quantities were prepared at any ¢ 
time to provide for all the measurements 
particular series so that errors could not « 
from differences in composition of the solute 
Maxima in the waves were suppressed by | 
addition of 0.01 percent of gelatin to the solutio 


III. Results and Conclusions 


If the effect were one of adsorption, repeated 
pipetting out and refilling the cell with fresh solu- 
tion would finally establish the adsorption equilib- 
rium between a solution of the original composition 
and the glass, and the wave height would then 
remain constant with time. To make this experi- 
ment, 3 ml of a solution containing 10~° g of lead 
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and 0.025 g of potassium chloride was allowe 
stand over the pool of mercury in a polarogri) 
cell. At intervals the air was displaced 

nitrogen and a polarogram taken. Between th 
intervals air was allowed to diffuse into the 
tion. The lead wave progressively decrease¢ * 


practically disappeared within 24 hours. 
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tion was then pipetted out, fresh solution of 
original composition put in the cell, and the 
t repeated. After a number of such refillings 
lead wave continued to disappear just as 
vidly as for the first filling, with no indication of 
supposed adsorption attaining an equilibrium. 
another experiment, a portion of solution of the 
e composition was allowed to stand in contact 
h crushed Pyrex glass for 24 hours before intro- 
tion into the cell. The wave obtained for the 
| was then no different from that exhibited by 
tion of the same solution which had not been 
ontact with ground glass. If adsorption had 
red, the lead wave would have been smaller. 
‘ortions of a solution containing about 7<10~° 
{zine and 13 10~* g of cadmium per milliliter 
).1 N potassium chloride were put into three 
x flasks. One flask was nearly filled with 
nd Pyrex glass, one contained several milli- 
rsof mercury, and the other was clear. After 
nding in these flasks for 24 hours in contact 
hair, the solutions were poured into cells and 
rograms were made. The wave heights 
ained were as follows: 


Height of wave 


Citar..... 
Crushed glass - - 


Mercury - - - 


wo portions of the same initial solution were 
1 in cells with pools of mercury for anodes 
polarograms of the wave heights were taken. 
nair was bubbled through one of these for 5 
ms, and nitrogen was bubbled through the 
‘for 24 hours. Polarograms were taken, and 
uthese it was found that the zinc wave had 
tically disappeared in the former but had 
rased by only 8 percent in the latter. The 
mum wave remained practically the same in 
b cells. 

n all cases it was found that the original wave 
thts were restored by the addition of a small 
unt of acid, which has the effect of preventing 
eversing the reaction expressed by eq 2. As 
E as acid is present hydrolysis does not occur, 
according to eq 3, hydrochloric acid is con- 


’rographic Waves 


sumed by mercury and oxygen to form mercurous 
chloride and water. Thus, if oxygen is not ex- 
cluded, in acidic solution the hydrogen wave must 
first decrease to extinction before hydrolysis 
begins to affect the wave of a metallic ion. A solu- 
tion containing cadmium and zine was acidified 
with hydrochloric acid so that the waves of hydro- 
gen and of the two metals could be recorded con- 
secutively on the same polarogram. The solution 
was exposed to air and polarograms were made at 
intervals. The hydrogen wave decreased pro- 
gressively from an initial height of about 23 mm 
to complete disappearance after little more than 
75 minutes. Meanwhile the waves of cadmium 
and zine remained constant within experimental 
error. During this time the surface of the mercury 
became coated with a layer of calomel, which re- 
duced the effective exposed area of the mercury. 
For this reason, the wave of zine did not decrease 
very rapidly after the acid had disappeared. Air 
was then bubbled through the solution for 2 hours, 
and the wave of zinc decreased to 3.5 mm from an 
initial height of about 11 mm. The wave of 
cadmium remained unchanged. These results 
are summarized in table 1. 


TaBLe 1.—Effect of orygen when acid is present 


Wave heights 


Time of exposure to air 
| H | Zn ca 


——|--=4— 


| 
Minules | mm | mm 
; 10.4 10.7 
ol ‘ 11.3 10.5 
12.5 10.8 
10.6 11.0 
—— 11.4 10.4 
Air bubbled for 120 minutes more... -. , ‘ 3.5 10.6 
| 





If the effect is caused by the chemical reactions 
represented by eq 1 and 2, the minimum height to 
which a wave decreases should depend upon the 
solubility of the hydroxide of the metal in ques- 
tion. Unfortunately, there are no data for the 
solubility of these heavy metal hydroxides in 
potassium chloride solutions and even such data 
as exist for pure water appear to be inconsistent 
and unreliable. Also, eq 1, 2, and 3 are intended 
to represent the principle of the effect involved 
and not the exact mechanism operating in every 
case. For example, the same principle gives an 
explanation of why the effect does not occur when 
the supporting electrolyte is potassium nitrate 
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instead of potassium chloride. For nitrate solu- 


tions, eq 3 becomes 
2Hg+2HNO,+1/20,=2HgNO,+H,0. (4) 


Mercurous nitrate in dilute solution, however, 
hydrolyzes to give a basic precipitate, Hg,(OH) 
NO; and possibly some Hg,O, with sufficient affin- 
ity to prevent the hydrolysis of zinc nitrate and the 
precipitation of zinc hydroxide. If a little solid 
mercurous nitrate is added to a saturated solution 
of zinc hydroxide in contact with excess solid zinc 
hydroxide, a large polarographic wave for zinc is 
actually obtained. The principle of this reaction 
is expressed by the equation, 


Zn(OH),+2HgNO;=Zn(NO;),.+ Hg,0+ H,0, 


from which it is clear why the waves do not dis- 
appear in solutions of nitrates. 

The behavior of several vther metallic ions in 
neutral solutions of potassium chloride in the pres- 
ence of air and mercury was also studied with 
results which are summarized in figure 1. Of these 
ions, thallium, manganese, and cadmium undergo 
little or no change even on prolonged contact. 
The waves for cobalt and copper, like those for 
zinc and lead, show rapid decreases, while the 
results for nickel are intermediate. The rate of 
decrease of a wave in any instance is, of course, 
dependent upon such factors as the area of the 
mercury surface, the amount of stirring, and the 
concentration of the ion. Under comparable 
conditions, the rates of decay are approximately 
in the order of the hydrolysis constants of the 
metallic ions, in further confirmation of the 
mechanism of chemical reaction rather than 
adsorption. 

The rate of decrease of wave height for a given 
metallic ion depends markedly on its concentra- 
tion. With concentrations of about 10~* g/ml it 
was found that the lead and zinc waves decrease 
by only about 10 percent in 24 hours in contrast to 
the larger rates, shown in figure 1, for more dilute 
solutions of these ions. Errors of 10 to 20 per- 
cent have been noted in polarographic determina- 
tions of lead in neutral solutions when exposed to 
mercury for the short time necessary to expel 
oxygen from the solutions. Since the effect does 
not occur when the supporting electrolyte is 
acidic, it is safer to make polarographic measure- 


ments of dilute solutions of heavy metallic ; 
in acidic rather than in neutral media whey 
anode is a pool of mercury. In cases wher 

reduction wave of hydrogen interferes and g,j 
solutions cannot be used, it is possible to gy 
the effect by preliminary elimination of oy 
from the solution before contact with mer 

by the use of an external anode [14] or of a sily 
silver-chloride anode wound in spiral around 
dropping-mercury cathode [15], or with a c¢ 
the design devised by Lingane and Laitinen 
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Ficure 1.—Changes in wave heights with time 
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eory for Axial Rigidity of Structural Members 
Having Ovaloid or Square Perforations 


By Martin Greenspan 


Formulas are derived for computing the over-all lengthening (or shortening) of a tension 


(or compression) member having a uniform gross cross section and a series of similar perfora- 


tions of approximately ovaloid or approximately square shape uniformly distributed along 


the length. 


I. Introduction 


a previous paper [1]! the author demon- 
ted a method for computing the axial rigidity 
, ension or compression member having a 
ym gross cross section and a series of similar 
ations of circular or elliptical shape uni- 
vy distributed along the length. The axial- 
ity factor K is defined so that KEA, is the 
ity that should be used in place of EA, in the 
narv formula for computation of the extension 
he member. Here E is Young’s modulus of 
ticity, and A, is the gross cross-sectional area. 
present paper extends this method to other 
pes of perforation, originally described in 
rence [2]. The boundary of the hole has the 
ametric equation 


pcos 8B+r cos 38, y=q sin B—rsin 38. (1) 


ation 1 represents a closed curve having 
inetry about the z-axis and about the y-axis, 
lwhich, for appropriate values of p, g, and r, 
S not cross itself. By adjustment of the 
ues of p, g, and r, a variety of curves is obtained, 
ing a good approximation to an ovaloid (a 
lave with a semicircle erected on each of two 
site sides) and a good approximation to a 
lare with rounded corners, as well as exact 


Numbers in brackets Indicate literature references at the end of this paper 


tidity of Perforated Members 
104735462 


ellipses (r=0) of any eccentricity. The approxi- 
mate ovaloid obtained by taking 


p=2.063, g=1.108, r= —0.079, (2) 


is shown compared to the actual ovaloid in figure 
1. The approximate square obtained by taking 


p=q=1, r=—0.14 (3) 


The sides of the square 
By taking 


is shown in figure 2. 
are parallel to the axes of coordinates. 


p=q=1, r=0.14, 
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the same square, but with the diagonals parallel 
to the axes of coordinates, is obtained. The radius 
of curvature at the midpoint of the fillet is about 
0.086 times the length of the side of the square. 














| 
Fiacure 1.—Actual and approximate ovaloids. 


The dashed line represents the actual ovaloid and the full line the approx 
imate ovaloid of equations 1 and 2 





- 











* 


Figure 2.—The approximate square of equations 1 and 8. 





It is shown in[1,eq 2]*that for a member hy 
perforations spaced 2! apart along the , 
(parallel to the load), the axial rigidity faci, 


is given by 
1 E 
wpan 1 -+- 2 
R 1 pf wd ydz, 


in which u, is the z-component of the dis) 
ment of the boundary of the hole, and the sy 
integral is extended over half the boundary 
the perforation. The values of the load P 
the displacement u, may be assumed, for ; 
ciently large values of land of A, compared 
dimensions of the perforation, to be the say 
in an infinite plate under uniform stress §, 
turbed by a single perforation. 

For a member having circular holes, » 
gross cross-sectional area A, and net cross-se¢! 
area A,, 

P=S,A,O(n) =S,A(1 ~s5-53) 
where S, is the mean stress on the gross « 
sectional area and n=A,/(A,—A,). Equati 
is derived in [1]. C(n) may be considered 
a correction factor arising from the finit 
of the member. It has been shown {3 
C(n) is nearly independent of eccentricit 
case of an elliptical hole, and since it is » 
unity in any practical case, eq 6 may by 
without serious error for a hole of any sha 

The displacement u, may be calculated 5 
the stress function given in [2] or by the met 
of Mushelisvili. 

* This notation is used throughout for the numbered equation > 


references. 
§ See p. 545 of reference (3). 


II. Displacements 


1. Displacement-function method 


This method * presupposes a knowledge of the 
Airy stress-function, ¢. The form of ¢ is exhibited 
in [2] in terms of curvilinear codrdinates (a, 8) 
such that eq 1 of the boundary of the hole reduces 
to a=a. ‘lhe parameters a, 6, and ¢ of [2], 
which, together with a, define the shape of the 
hole, are related to the p, g, and r of eq 1 by 


e%— PTI, ahe-—=P—1, ace*%=r, (7) 
* See p. 130 of [3]. 
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The function y defined, in the absence of 

forces, by 

ey Fo. Ho : 

drdy dt pV 
with y adjusted by means of the arbitrary / 
tions of integration (of the form f, (z)+/:\y 
that 7*y=0, is called the displacement funct 
The z-component of the displacement is give 


1 dy 


— 19 _ 1, % 
U= 7 Oy (1+) a, 
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rey is Poisson’s ratio. In the present case the 

values of u required are u,, those on the 
indary of the perforation. On this (free) 
ndary, 0¢/8z is constant, and hence zero, since 
even inz and in y. Hence from eq 9, 


. dy 
y= s (a=ap). (10) 
iccording to [2, eq 18], 
Q= Cid, + C2rb2.+ Cro3+ Cid, + 
Css + Cybe+ Crb1+ Crds. 
these terms, all but those in ¢;, ¢2, and ¢, are 
monic and need not be considered for purposes 
Further, C,=0 for no shear, as shown by 
Thus only the terms in ¢, and ¢, are 
From paragraph 5 of [2] ¢ and ¢, are, 
iting harmonic terms, which disappear for 
ration 72, 


¢,=4ye* sin B—4abye~* sin B—z’?—y’, 


Le disp) 
the Sur 
Dundary 
oad P 


ared t 
he Sam 


ess J, 


¢,=2ye™* sin 8, 


that 


0 . , 
V*e 85, (€* sin B—abe-« sin 8) —4, 


2. 
—4 ay’ 


*sin £. 


quation 8 becomes 


0 


ex sin 8—abe~¢ sin 8) —4] 
10 a 

2a? sin 8, 
m which 


Af 
1 
Uy 


= ol see sin B—abe~@ sin 8) —4y| 


-40,~* sin 8+ Dr+ E, (11) 


thich Dr+E is the most general function of 
‘gration of the form /,(z) which preserves the 
monic character of dy/dz. Because y is har- 
nic by definition, dy/dy as well as dy/dz is 
monic, and application of the Cauchy- 
‘mann test to the expression 
Ov , ;dv 
Oy Ox 
ws it to be a function of the complex variable 
Thus dy/dy is the real part of the function 


gidity of Perforated Members 


of which dy/02 is the imaginary part, so that from 
eq 11 


0 
Fam Ci (Ber cos 8+ S8abe-* cos B—4z) 
' +4C,e-* cos B—Dy+ E’. 
The constants D and E' are obtained by substitut- 
ing for 0y/dy in eq 9, which gives 


Eu=C,(8e* cos 8+S8abe-* cos B—4z) 
Lal a 
+4C,e-* cos B— Dy + E’ — (14 Se 


For z=0(8=+72/2), u=0 for all y, and 0¢/02=0 
by symmetry. Therefore, D=E’=0, and 


0 : iL 
=! , (8e* cos B+-S8abe-* cos B—4z) 
| 40,e-* cos B. (12) 
Substitution of eq 12, with C, and C, replaced 
by their values from [2, eq 23] into eq 10 gives 
Eu 2e" cos B . 
3° = —a t+ 2—ac*e~**—a*be*e~™), 

°* 1—ac*e “4a | 


where 2 is the value of z on the boundary a=ay, 
which, together with eq 7, gives 


Fu (p+q)?—2pr 
2=—%2%y+2 = ane - cos £. 
Oz P+q-—<4r 


2. Mushelisvili’s method 


This method, which is treated in detail by 
Sokolnikoff [4], expresses the stresses, displace- 
ments, and the boundary conditions in terms of 
two analytic functions, ¢ and y (not the same as 
those of the preceding section), of the complex 
variable z=z+iy. The functions ¢ and y, which 
satisfy the problem of [2], have been given by 
Morkovin [5], who uses the notation 


s=(p+q)/2, t=(p—q)/2, r=r, (14) 
and 
t=e" +i, (15) 


so that the function 
z=o(f) =st+t/e+7r/° (16) 


maps the boundary a=a, onto the unit circle 
lt/=1. The value of ¢ on the unit circle is 
denoted by oa; thus 7, the conjugate of ¢, is 1/e. 
The notation 


$(z)=9[o()]=e(5), 


is used, and similarly for y. 





The functions ¢ and ¥ as found by Morkovin 


1 sr 
of) Be +t, 


ro sBo—adg?+3rB\ sB 
tery ( a— Cd 
te —_<o § 


+8(B’ +iT,,)$—a2¢ + Bro B(1+42)s, 


where 
r+s. B’s* . iT.,s* 
a, = Bt—— -+— 74, 
r—at p- et r+s 
and 


4B=S,+-S,, 2B’=S,—S,. 


In the present case, S,= T,,=0, giving 


\ /s*—ae?4 x) 


st*—te*—3r 


, » F ia 
satea(tet)e} 


(18) 


Axial 


1. General 


Substitution of P from eq 6 and u, from eq 13 
into eq 5 gives 


l ; t 
R-!+7I0@ I -{ ady 


o(P+9q)?—2pr [- 9 
oa pt+q—ir cos Bdy |» (21) 


where t, the thickness of the plate in which the per. 
foration occurs, is fdz. The two line integrals in 
eq 21, which are to be taken along half the bound- 
ary a=ap, are obtained from eq 1, as 


: 1 , 
fey yA=5(ry—3r%), { c0s Bdy oh 


where Ay, is the area of the perforation. 


Equation 21 becomes 


y (p+) (p+2¢9) 
. —2pqr+3r* (p-+q—2r) 


p=l - sy -_ ; 
A q V,C(n) (p+q—2r) (pq—3r’) 


The rectangular components, u and 2, of the 
placement are expressed in terms of the fune;; 
¢ and ¥ by means of the relation 
2¢’(¢) , =~) 
— . 4 


E(u+iv) = (3—v)o(o)— (1 ry 


w’ (¢) 
so that on the boundary f{=<, 


E(u, +iv,) = (3—v)o(o) 


—(1+-s) [$2+76)]. 
w' (co) 


Substitution of the functions w, ¢, and y f 
eq 16, 17, and 18 in eq 19 yields, after consider 
reduction, 

E ‘he eink ie 
Ue rp) —2Z+28so0+ 
tr 


where 2 is On a=ap, and therefore, 


Eu 4s*—2sr—2rt 
og =—nt a CNG i, 
Or acme 
since g=e'® from eq 15. 
In terms of the original constants (eq 14), @ 
becomes, 
Eu, _ 
S, 
which is the same as eq 13. 


Rigidity 


Agt is the volume of the perfora 
2A,/ is the gross volume of one ba 


where V, 
and V, 
the member. 

For an ellipse, p=a, q=l, r 
are the semiaxes (a parallel to the load) and 


=0, where aa 


22 reduces to 
oh 
l +- Vo 
1 14 a 
K ' O(n) o. 
which is the same as [1, eq 48]. 
It remains to compute the 
V,/V, in eq 22 for the various cases of inte 


coefficient 


2. Ovaloid; load parallel to long 4 


Here p=2.063, q=1.108, r=—0.079 
Equation 22 becomes 


| 2.048 V, 
K~!*0q@) V, 


In practical numerical cases, eq 23 gives § 
stantially the same results as [1, eq 13], der! 
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,more approximate method. However [1, eq 
may be used for an ovaloid of which the rec- 
cular base is not square whereas eq 23 applies 
+» to the shape shown in figure 1. 


Qvaloid; load parallel to short axis 


this case, p=1.108, g=2.063, r=0.079. 


becomes 
] ' 4 968 Vo 
KR * Ca) tv 
ss case and the following cases are not covered 
previous work. 


al 23 


(24) 


4. 


For 
2, p= 


Square with Rounded Corners 


the approximate square of eq 3 and figure 
q=1, r=—0.14. Eq. 22 becomes 


L_ | 1 2.989 Vo 
=" + Om) C(n) V, 


for load parallel to the side of the square. 
For load aryres to the diagonal of the square 


(eq 4) 


p=q=1, r=0.14, and eq 22 becomes 
1 3.596 Vo. 


i 1+5 C(n) Vv, (26) 


IV. Summary 


ipproximate formulas have been developed for 
omputation of the axial rigidity of a long 
son or compression member containing a 
of constant thickness uniformly perforated 
h a series of similar holes of various shapes. 
axial rigidity factor K is defined that 
4, is the rigidity that should be used in place 
EA, in the ordinary formula for computation 
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extension of the member. 
many of interest the rigidity 
K is given by an equation of the form 


cases axial 


f Vo 


Cin) V, e7) 


R 


(A,—A,), A, being the gross and A, 
the net cross-sectional area of the member 


C(n) 
V, 
V, 

f 


Value 


given 


Ellipse of semiaxes a and 6 


Do 
Ovaloid 

Do 
Square 

Do. 


] ] 


l—s43—sct 
2n* 2n 


the volume of the perforation 
the gross volume of one bay of the member 
a constant depending on the shape of the 
perforation and the direction of the 
applied load. 
ss of the constant f for 
in table 1 


various cases are 


Values of f in equation 27 
| 


TABLE l1.- 


Load parallel to jf 


Perforation 


1+(2b/a 

1+ (2a/ : 
048 
Ons 


Major axis, a 
Minor axis, 5 
Long axis... 
Short axis 

Side 2. O89 


Diagonal 3. 596 


(fig. 1) 


(fig. 2) 
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at Content, Free-energy Function, Entropy, 
Heat Capacity of Ethylene, Propylene, 
the Four Butenes to 1,500°K’ 


By John E. Kilpatrick? and Kenneth S. Pitzer* 


Values are presented for the following thermodynamic properties for ethylene, propylene 


and the four butenes, in the iheal gaseous state, to 1,500° K: heat-content function, 
(H° — Hj)/T; free-energy function, (F°— Hj)/T; entropy, S°; heat content, (H°— H§); heat 


. hed 
capacity, Cp». 


lL. Introduction 


wrt of the work of the American Petroleum 
Research Project 44, this report presents 
wults of the calculations of the thermody- 
properties of the heat-content function, 
orgy function, entropy, heat content, and 
pacity, in the ideal gaseous state, to 
’K, for ethylene, propylene, 1-butene, cis- 
ene, trans-2-butene, and isobutene. The cal- 
ins are based in large part on vibrational 
ncles given in a pending report [4)].‘ 


tigation was performed as part of the work of the American 
titute Research Project 44 on the “Collection, Analysis, and 
{ Data on the Properties of Hydrocarbons.” 
h Associate on the American Petroleum Institute Research Pro)}- 
National Bureau of Standards. 
upervisor of the American Petroleum Institute Research 
wr of Chemistry at the University of California, Berkeley, 


kets indicate literature references at the end of this paper. 





Contents 
Page 


. 163 


nergy and constants —_ 


of calculation “ “ .. 164 


modynamies of Monoolefin Hydrocarbons 


Page 
IV. Data used in the calculations for ethylene, is 
Propylene, cis-2-butene, trans-2-butene, and 
isobutene . 
1. Moments of inertia- 
(a) Ethylene-_- 
(b) Propylene -- 
(c) cis-2-Butene- 
(d) trans-2-Butene 
(e) Isobutene 
2. Vibrational frequencies -- 
(a) Ethylene-- 
(b) Propylene 
(ec) cis-2-Butene_ __ 
(d) trans-2-Butene_. 


3. Potential barriers restricting 
rotation....<..... 
(a) Propylene- - 
(b) cis-2-Butene- 
(c) trans-2-Butene_- 
(d) Isobutene = aed 
V. Data used in the calculations for l1-butene__-__- 
1. Vibrational frequencies and moments 
of inertia_.._- edicts helactine — 
2. Internal (skeletal) rotation 
po ER EES I ee ee 
VII. References- ---_--- 





II. Unit of Energy and Constants 


The unit of energy used in this report is the 
conventional thermochemical calorie, defined as 
follows: 

1 calorie=4.1833 international joules. (1) 


The values of the physical constants used in 
the calculations are from the “‘a” tables of the 


American Petroleum Institute Research ?, 
44, which values have been given in an » 
report from this laboratory [1,23]. The equ 
for the thermodynamic contributions for 
lation and rotation are from the same sour: 
and are also reported in reference [1]. 

The terms for restricted internal rotation 
computed from the tables of Pitzer and Gwi 


Ill. Method of Calculation 


If the complete set of energy levels (quantum 
states) are known for a given molecule, the values 
of the thermodynamic functions may be computed 
exactly. Except for the simpler molecules, the 
knowledge of the energy levels is not complete 
enough to permit exact calculation, and certain 
simplifying assumptions must be introduced regard- 
ing the relations among the several kinds of energy 
levels, as follows: (1) The various vibrations are 
harmonic; (2) the moment of inertia is not a 
function of the rotational quantum state; (3) no 


coupling exists between the vibrational an 
tional states of energy; (4) if restricted iy 
rotation occurs, the restriction is from a 
type barrier and no potential coupling 
between different internal rotations. 

The foregoing assumptions, which are 
marily made in such work and which hay, 
made in the present calculations, introduc 
that are smaller than the uncertainties 
presently available experimental data. 


IV. Data Used in the Calculation for Ethylene, Propylen 


cis-2-Butene, trans-2-Butene, and lsobutene 


1. Moments of inertia 
(a) Ethylene 


Gallaway and Barker [3] have measured the 
moments of inertia of ethylene accurately from 
the rotational structure of several infrared bands. 
Their results have been adopted for the present 
calculations. 

The three moments of inertia are 0.5750 < 10-*, 
2.809X10-", and 3.384xX10-* g cm*. These 
moments of inertia are consistent with the follow- 
ing dimensions: Length of C=C bond, 1.353 A; 
length of C—H bond, 1.071 A; H—C—H angle, 
120°. The symmetry number, ¢, of ethylene is 
four. See reference [4]. 

The entropy of translation and rotation for 
ethylene gas iu the ideal state is then 


S°.,,=6.524+ 18.3026 logy T cal/deg mole. (2) 
(b) Propylene 


The moments of inertia of propylene and of the 
butenes were calculated assuming that (1) the 


164 


C=C and C=H bonds are the same leg 
in ethylene; (2) the four bonds attached | 
C=C group are inclined at the same ay 
in ethylene, namely 120°; (3) the sing 
C—C length is 1.54 angstroms; (4) the ag 
each methyl group are tetrahedral; (5) the 
bond length in a methyl group is 1.09 ang: 

The three principal moments of ine 
propylene are 1.9348X10-", 8.919910 
10.3286 x 10-* g cm*. The axis of the = 
moment makes an angle of 33°40’ with the| 
bond. The reduced moment for internal r 
is 4.073X10-" g cm*. The total sym 
number is three. This number arises * 
from the symmetry of the internal rotation 

The entropy of translation, over-all rm 
and free internal rotation for propylene ges 
ideal state is 


S° a4 r= 11.621 -+20.5904 logy 7’ cal/deg mole 
(c) cis-2-Butene 
The three principal moments of inert 


5.9977 X 10-*, 14.2431 >< 10-*, and 19.1886 
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» em’. The reduced moments of the two are divided into 7 symmetry types. The fre- 
‘hvl groups have the same value, 5.037 x 10-® quencies of these vibrations, in wave numbers and 


». The total symmetry number is 18 which classified according to symmetry, are listed in the 
mposed of factors of three for each internal following tabulation: 
tion and two for over-all rotation. 7 
, == . , Symmetry: point group 
he equs he entropy of translation, over-all rotation and 13019. 3 : ates P 
om for WM ternal rotation for cis-2-butene in the ideal Ai, 41623. 3 Bal 995, 0 
ne SOUT ous state is 1342. 4 Ay 825 
, | 2989. 4 Bae 943 
° d +99 R782 low Te lda . B 4 s 
rotatio: 11.400+-22.8783 logy T cal/deg mole. (4) 34) 1443. 9 By, 949.2 
wir ‘ 3069 
nd Gwi (d) trans-2-Butene B } 5068 
* 1055 


three principal moments of inertia are 


107%, 22.440 107", and 23.9556 X 107, (b) Propylene 


| y m’. The axis of the smallest moment makes The only svmmetry element of the propylene 
- +r angle of 39°58’ with the C=C bond. The re- molecule is the plane of the skeletal frame, 
cted In@..j moment of each of the methyl groups is C=C—C. The 20 vibrations can therefore be 
or . sx10-" g em*®. The total symmetry number divided into onlv two classes. 
Upung @s subdivided as in cis-2-butene. The argument for the following assignment is 
: y ‘ . j Pere . j hd - hd ay a) ; 4 7 ~ M4 M 
— he entropy of translation, ms r-all rotation and given in a preceding report [4]. The description 
h | ternal rotation for trans-2-butene in the gas- —_ of the motion involved is only approximate. The 
h hay ra ‘ . , si 
q s state 1S frequencies are given in wave numbers, em™: 
rod uce 
nties d 10.871 -+-22.8783 log; Teal/deg mole. (5) Symmetry: point group C, 
os A’ " 
.) Is ne (2- , ; ; 
be (e) Isobutene (2 methy Ipropene) 3050(3) C—H stretching (ethylenic) 
three principal moments of inertia are  2950(2) 2950 C—H stretching (methyl) 
42x 107, 10.7646 X 107, and 18.6968 107%, 1649 : = stretching 
, mm 1444 144 Cc b(x 
dV len scm. The reduced moment of each of the two 1415 CH, . 
° . 4 > ‘ . 2 
| groups is 4.999x10-® g cm’. The total 1370 CH, 3 (e) 
try number is 18, subdivided as in cis-2- 1297 990 CH wagging 
l } oe 580 C=C twisting 
ne ieng a . , 
* ° . 49 | 
shed { entropy of translation, over-all rotation, 1042 1050 CH, wagging 
ched a | tati Sow inahess ans te 0 1172 911 CH, wagging 
| iree | " ) Ss ne Ss 3 : . . 
ng e internal rotation, for isobutene gas in the 930 os C= stectiiine 
singk Mae S28¢0us state Is: 417 = Skeletal bending 
he ag@..,= 11.4824 22.8783 logy T cal/deg mole. (6) (c) cis-2-Butene 


The symmetry of cis-2-butene allows its 28 vi- 


2. Vibrational frequencies . a tareg 
brations to be classified into four symmetry types. 


(a) Ethylene A discussion of the following assignment may be 
lhe vibrational assignment of Gallaway and found in another report [4]. The frequencies are 
rer [3] has been adopted. The 12 vibrations iven in wave numbers, cm™!: 

be r [3] has been adopted. The 12 vibration iven i ve numbers, cm™!: 
th the 
nal t Symmetry: point group C2, 

ws Ay rt B Be 
sae 3050 Bs: 3050 C—H« stretching (ethylenic) 
ses ® 2950(2) 2950 2950 2950(2) C—H stretching (methyl) 
ta tiol 1672 ayers ; seal C=C stretching 
all rota 876 ee 986 C—C stretching 
e ons 1450 : 1450 1450 CH, 8 (r) 

, 1380 5 Be 1380 CH, 6 (¢) 

1267 3 1390 C—H wagging, planar 


ail 1050 673 —-* C—H wagging, non planar 
1018 ‘ 1064 CH; wagging, planar 

~ 950 1040 me CH; wagging, nonplanar 
304 ait ond none 581 Skeletal bending 
402 C=C twisting 
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(d) trans-2-Butene groups are isomorphic and the classification, [).. 9 


the frequencies are quite similar [4]: ate 


t 
ul 


Although this isomer has the symmetry Cy 
instead of the C,, of cis-2-butene, the two point 


severa 


nole ( 
Symmetry: point group Cy, , inte 
A, Ag B, By 
3050 nis , 3050 
2950(2) 2950 2950 2950(2) 
1681 es — 
870 
1450 
1389 
1309 


C—H stretching (ethylenic) 
C—H stretching (methyl) 
C=C stretching 

C—C stretching 

CH; ri) (w) 

CH; 6 (¢) 

C—H wagging, planar 
C—H wagging, nonplanar 
CH, wagging, planar 

CH; wagging, nonplanar 
skeletal bending 

C=C twisting 


this 


agre 


1065 
1450 
1375 
1304 


1450 1450 
---- --- entroy 
964 
1030 


240 


746 a" 
otis 973 
1043 one 
290 


1080 


507 


(e) Isobutene groups on the same end of the C=C frame m 


a slightly different description of the vibrati 
necessary [4]: 


Isobutene has the same symmetry as cis-2- 
butene, C,,, but the presence of both methyl 


Symmetry: point group C2, 
Ay A» B, B; 
3050 aie — 3050 C—H stretching (ethylenic) 
2950 (2) 2950 2950 2950 (2) C—H stretching (methyl) 
1664 saith oun aiiich J=C stretching 
800 es 986 C—C stretching 
1450 1450 1450 CH;y 6 (x) 
1380 tues 1380 CH; 6 (¢) 
1390 wien eee CH; 
_ 1280 CH, wagging, planar 
888 CH; wagging, nonplanar 
CH; wagging, planar 
CH; wagging, nonplanar 
Skeletal bending 
C=C twisting 


some 1007 
1066 
391 


431 


700 


3. Potential barriers restricting internal 
rotation 


The assumption of independent cosine | 
barriers is probably poorer in cis-2-butene than 
the other members of this family. The sym 
try of the internal rotations prohibits exactly’ 
type of barrier. However, the effective heig! 


(a) Propylene 


A threefold cosine type barrier of 1,950 cal/mole, 


when combined with the previously mentioned 
constants, was found to give results agreeing 
satisfactorily with the experimental values of the 
entropy [5] and the gaseous heat capacity [6]. 


(b) cis-2-Butene 


A threefold restricting potential of 450 cal/mole 
for each methyl group was found to give satis- 
factory agreement with the experimental values 
of the entropy [7] and the gaseous heat capacity [8]. 

This abnormally low value probably arises 
from the opposing effects of the normal methyl 
and steric hindrance between the 
methyl groups. 


barriers two 
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the barrier for any reasonable shape is s0! 
that the details of the shape have relatively li 
effect upon the thermodynamic functions. 


(c) trans-2-Butene 


The potential barrier giving the best agreem 
with the experimental values of the entrop) 
and the gaseous heat capacity [8] was found | 
1,950 cal/mole. 

This value agrees, as it should, with that 
propylene. There is probably little or no pot 
tial coupling between the two methyl groups 
increase the apparent height of the barrier. 

Additional confirmation for this value is £" 
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the 210 em’ Raman line of trans-2-butene. 
-eyeral methods a barrier height of about 2,000 
nole can be calculated if this line is assigned 
t internal rotation. 


(d) Isobutene 


this case a value of 2,350 cal/mole gives the 
agreement with the experimental values of 
entropy [10] and the gaseous heat capacity [11]. 


This apparent increase from the value 1,950 
cal/mole found for propylene and trans-2-butene 
is undoubtedly due to the neglected potential 
coupling terms between the two methyl rota- 
tions. The phenomenon is similar to the ap- 
parent barrier increase in the series ethane, 
propane, isobutane and neopentane. Preliminary 
calculations upon the thermodynamic effect of 
such coupling indicate that this explanation is 
valid. 


V. Data Used in the Calculations for 1-butene 


|. Vibrational frequencies and 
moments of inertia 


n the basis of the information and data avail- 
F at the present time, it does not seem feasible 
vibra ake a satisfactory vibrational assignment in 
for 1-butene. The symmetry of the mole- 
isso low that a normal coordinate analysis of 
ribrations would be very difficult. The situ- 
nis further complicated by the unsymmetrical 
tion in the skeleton of the molecule. In the 
tof these difficulties it was decided to use a 
mpirical approach to the calculation of the 
nodynamic functions for 1-butene. 
v thermodynamic effect of the vibrations was 
o be the same as that of the 20 frequencies 
npylene, the 6 characteristic frequencies of 
methylene group [12], 1 C—C stretching fre- 
wy of 995 em=', and 1 skeletal bending fre- 
uy of 320 cm='. This last frequency was 
1 from the Raman spectrum [13], and its 
mnent, although somewhat doubtful, appears 
fed because 1-butene should possess a 
eal bending mode of vibration of about this 
nitude, on the basis of analogous molecular 


me m 


te moments of inertia were calculated from 
lmensions used for propylene, with the axis 
ie methyl group lying 60° out of the plane of 
stended or trans configuration of the carbon 
ton. The reason for this choice is discussed 

The product of the three principal moments 
tertia is calculated to be 2,232 107" g* cm®. 
le potential barrier restricting the rotation of 
methyl group was taken to be 3,400 cal/mole, 
l propane. 


2. Internal (Skeletal) Rotation 


only remaining factor to be considered is 
‘eletal rotation. The use of Fisher-Hirsch- 
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felder molecular models proved quite helpful in 
this regard. If it were not for the steric inter- 
ference of the methyl and the ethylenic groups, 
there would probably be three equivalent minima 
at 60°, 180°, and 300°, counting from the extended, 
planar configuration The two groups apparently 
interfere enough to raise the minimum at 180° by 
several thousand calories. The unperturbed bar- 
rier would be expected to be about the same height 
as in propylene or trans-2-butene. This steric 
interference would then have the effect of making 
the rotational potential energy almost constant 
from 120° to 240° in the angle of rotation. There 
undoubtedly is not complete cancellation of this 
minimum. The large number of Raman lines 
indicates more than one kind of skeletal minimum. 
However, for thermodynamic purposes, the details 
of the barrier in this region are relatively unim- 
portant. 

The following potential satisfies the above 
requirements: 


V=(1/2)V,(1—sin 3¢), —120°<¢< 120° 
V=V, 120°< $< 240° (7) 


oo) oo 


The classical form of the partition function is a 
satisfactory approximation to the exact partition 
function when, as is true in this molecule, the 
reduced moment of inertia for the rotation is 
several times the moment of inertia of a methyl 
group. 

When these calculations were made, an exact 
formula for the proper reduced moment of inertia 
for the skeletal rotation was not available, and an 
estimated value of 20X10-® g cm? was used. 
Since then, the theory has been developed further 
[21], but the minor changes required seemed un- 
justified in view of the approximate character of 
other parts of the calculations for 1-butene. This 
matter is discussed further below. 





The rotational partition function is given by the 


expression 
Q=Q ( ) [erate 
f Qn P ’ 


where Q, is the usual partition function for free 
rotation, V the potential barrier as a function of 
@, R the gas constant, and T the absolute tem- 
perature. 

When eq 7 and 8 are combined, the following 
relations may be derived: 


(8) 


(9) 


2 1 
Q/Q, (Zhi) +3") 


9 
(F,—F)/RT=—z4 In( 5 Zo(2) 4 (10) 


1 -) 

3° 

2(2J, (x) —e-*) 
21,(z) +e7? 


H,/RT=(1/2)+2—- (11) 


2rI, (x) 


27, (z) + e-? 


2 2h@) +S): 
21,(z) +e"? 


C,/R= (1/2) +2°— 


(12) 


In eq 9 to 12, z=V,/2RT, I,(z)=i-*J, (iz). 
J,(y) is the ordinary Bessel function of the first 
kind. J,(z) is real when z is real. (F,;—F)/T, 
H,/T, and C, are the differences in the free-energy 
function for free and restricted rotation, the heat- 
content function and the heat capacity for re- 
stricted rotation, respectively. In the last two 
cases (eq 11 and 12), the term 1/2 is the limit of 
H,/RT and C,/R as z (and V,) approach zero. It 
is therefore the usual heat-content function and 
heat-capacity contribution for free rotation. 

It was found that the best agreement with the 
experimental equilibrium data on the isomeriza- 
tion of the n-butenes [14, 15, 16] could be obtained 
with V,=2,400 cal/mole. This comparison is 
presented in reference [17]. This value is reason- 
able in magnitude on physical grounds and in 
addition gives good agreement with the above- 
mentioned experimental equilibrium data over a 
wide temperature range. 


The value for the entropy of 1-butene jy 
ideal gaseous state at 266.91° K obtaing 
application of the third law to appropriate ¢,| 
metric data is 70.87 +0.20 cal/deg mok 
The present calculations yield 71.19 cal/deg y 
for the same temperature. A slightly | 
barrier to internal rotation would lower th; 
culated value of the entropy, but would mak 
good the agreement with the equilibrium data 
view of the possibility of some end-for-end rang 
ness of position of 1-butene molecules in the 
tal, which would leave some residual entropy 
included in the experimental value, it seemed 
to retain the good accord with the equilibriw 

After the present calculations were comp) 
the paper by Aston, Szasz, Woolley, and &; 
wedde [22] was published which includes ca! 
tions for 1l-butene and reports values for 
specific heat of the gas. The present au 
cannot agree with the assertion of Aston et al 
that “the Raman and infrared spectra ini 
essentially only one form,” because their as 
ment leaves three Raman lines having frequey 
below 600 cm unexplained. 

The values of specific heat for gaseous 1-buj 
are reported in reference [22] as unpublished 
of Scott and Wacker with no details being ¢ 
Hence, although the present calculations | 
values of heat capacity which are higher than 
values of Scott and Wacker by about 0.7 cal 
mole, it does not seem justified to make exter 
revisions until additional experimental data 
come available. 

The use of the exact moment of inert 
skeletal internal rotation calculated by the re 
developed methods [21], 18.2 10-® g cm’, 
have the effect of leading to a potential bar 
2,240 cal/mole for the skeletal motion and 
capacity about 0.05 cal/deg mole lower | 
range of 300° to 400°K. Other changes 
easily be justified in the vibrational assignmet 
obtain agreement with the experimental gas 
specific heat values. However, these chil 
would make slightly greater the difference bet 
observed and calculated values of the entropy 
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VI. Results 


present values for the free- 
ey function, the heat-content function, the 
oy, the heat content, and the heat capacity, 
(00° K, for the six compounds considered in 


1 to 5 


report. 

calculated 
»s with the available calorimetric data on 
capacity and entropy. The agreement is 
to be best for ethylene, in which case the 
data are of considerably higher 
for the higher olefins. Ethylene 
in addition, the complication of internal 


troscopic 


Values* of the heat-content function, (H° — Hg)/T, fe 
1,500 


Compound (gas) 500 


Heat 


10. 23 
| 10. 86 14. 15 
14.17 19. 26 
13. 23 3. 27 5.36 | 17.68 
14. 05 : 16.46 | 18. 84 
13. 69 3.74 j 18. 83 


‘3H 8.47 
‘He 
“He 
“Hs 
“Hs 


ropene (isobutene “Hs 


For propylene and trans-2-butene the 
agreement is good. There is a somewhat larger 
discrepancy in the case of isobutene. The cal- 
culated values of the heat capacity in these 
three cases increase a little too rapidly with 
temperature. 

The unusually complicated nature of the re- 
stricting potential in cis-2-butene probably ac- 
counts for the relatively less satisfactory agreement 
in that case. It is planned to perform in the 
future a more detailed study of the problem re- 
garding the cis-2-butene molecule. 


rotation. 


or the six monoolefins, C, to C4, for the ideal gaseous state, to 


K 


Temperatures in °K 
1,300 | 
' 


1,400 | 1,500 


| | 
800 900 1,000 | 1,100 | 1,200 


600 700 


Content Function,» (H°— H})/T, in cal/deg mole 


13.10 | 13.96 76 | 15. 52 
18.94 | 20.36 | 21.69 | 22.92 | 
26.07 | 28.02 | 29.83 | 31.51 | 
24.39 | 26.; | 20. 96 33. 06 
25. 43 | 27. 3% 33. 88 | 
27.56 | 29.37 | 3 32.63 | 34.08 | 


12.18 
17. 42 
23. 96 
| 22. 26 
23. 37 


| 25.13 | 
34. 49 | 


21.25 | 23.8 





rpolation to other temperatures in the interval 298.16° to 1,500°K may be made by appropriate graphical or analytical methods. 
values may be estimated by extrapolating the values for 300°, 400°, 500° and 600°K. 
yarranted by the absolute accuracy of the individual values in order to retain the internal consistency of the several thermodynamic 


020° and 298.16°K, 
mot figures than are w 

{a single substance, 
The heat-content function, (H 


and also to retain the significance of the incremen 
— H})/T, is the heat content at the given tem 


For temperatures 
The values in this table are given to more 


ts with temperature of a given thermodynamic function 
perature less the heat content at O°K, divided by the absolute temperature 


given hydrocarbon in the thermodynamic standard gaseous state of unit fugacity (1 atmosphere) 


2.—Values * of the free-energy function, (F°— Hj) 
to 1,500 


‘om pound (gas) 


/T, for the siz monoolefins, 


C, to Cy, for the ideal gaseous state 
Pa 


Temperature * in °K 


| i 
700 | 800 | 900 | oo 


600 1,100 1,200 | 1,300 | 1,400 | 





Free-energy function,» (F°— H})/T, in cal/deg mole 


daal-ael- aal- 
0-52. 95|—53. 02|— 
0) —59. 32 —59. 41|—63. 87/67. 
0| —58. 67|—58. 75|—62. 89| —66. 51 
0|—56. 80 — 848 01-61 31/\—65. 


0| —56. 47| —56. 56|—60. 90|—64. 77 
| | 


thylene) 
propylene) 


(isobutene) 


footnote “‘a’”’ of table 1. 
free-energy function, (F°—1$)/T 


48, 74|—50, 70] —52. 50|—54. 19|—55. 78|—57. 
56. 30|—59. 82|— 
84|~71. 56-75. 08) 


19|—68, 84|—72. 27/—75. ! 


", is the free energy at the given temperature less the heat content at 0° 





| | 
| | 20|- 58. x ca 61. ale 62.71 
57|—73. 69|—75. 73|—77. 70| —79. 60 
—78, 42] —81. 61|—84. 66) —87. 58| ~90. 39 —93. 09|— —95. 70} —98. 21 
|—69. 94|—73. 19|—76. 30| —79. 29-82. 17|—84. 95|—87. 62|—90. 20|—92. 70|—96. 12 
63|—78. 64/81. 62-84. 47|-87. 221-80. 87/92 44|—94. 91 
—68. 42) —71. 88 —75. 15| —78. 29|—S1. 29, —84. 17|—86. 94/89. 60) —92. 17|—-94. 66 


| "7 


—63. 94 


62. 05|—64. 61|—67. 04 —69. 36) —71. —81. 43 


| | | 


K, divided by the absolute temperature 


given hydrocarbon in the thermodynamic standard gaseous state of unit fugacity (1 atmosphere 


modynamics of Monoolefin Hydrocarbons 





TABLE 3.—Values * of the entropy, S°, for the 


Compound (gas) 


Ethene (ethylene)... . 
Propene (propylene) 
1-Butene.. en 
cis-2-Butene _._. 
trans-2-Butene 


2-Methylpropene (isobutene) ......._- 











Temperature * in °K 











' ) : 
| 700 | 800 | 900 | 


600 





Entropy », S°, in cal/deg mole 





68.86) 73. 47| 
80. 59) 87.09 
72.02| 78.25) 84.19 
70.98} 77.76) 84.04 
70. 30 77.21) 83. 60 


63. 90 
73. 62 





) 
61.92, 64.68 74. 26 


96. 61 


67. 28 seal 

77. 87) 82.04) 85.98) 89.72 

93.25! 99.05) 104. 50) 100. 63 

| 89.95} 95.46) 100.69) 105. 67 

| 90.00) 95.64) 100. 97} 106.02) 110.81) 115.34) 119.65) 123.75) 127. 
89. 67) 95. 38) 100. 77) 105. 85) 110. 66) 115. 23) 119. 56) 123.68) 127, 


| | 


72. 06 
93. 26 
114. 49 


| 


110. 40) 


76.34) 78.32) 90.21 

99. 80) 102.84 105.9 | 
119. 09} 123. 45) 127.59) 131, m 
114.91) 119.19) 123.26, 127.15 } 


} 





* See footnote *‘a” of table 1. 


» S* is the entropy (exclusive of nuclear spin) of the given hydrocarbon in the thermodynamic standard gaseous state of unit fugacity (1 atmospher 


temperature indicated. 


TABLE 4.—Values* of the heat content, (H°— H%), for the siz monoolefins, C, to C,, for the ideal gaseous state, to 1,500 


Compound (gas) 


Ethene (ethylene) _. 

Propene (propylene) 
1-Butene 

cis-2-Butene 

trans-2-Butene 
2-Methylpropene (isobutene) 


* See footnote “‘a”’ of table 1 











Temperature * in °K 











_ 
For- | 0 | 298.16| 300 | 400 


=] 


600 | 700 | 800 | 900 | 1,000 | 1,100 | 1,200 





mula t 


Heat content,® (H°— Hj), in cal/mole 


21950 
32670 
44M40 
42980 
44040 
44300 


241m 


36570 


12560 | 14760 
18320 | 21690 
25220 | 29830 
23740 | 28230 
24640 | 29190 
24800 | 29370 


17070 | 19470 
25210 | 28880 
34660 , 39670 
32960 | 37880 
33960 _ 38920 
34170 | 39150 


6732 
9492 
13010 
12010 
12690 
| 12750 


8527 
12200 
16770 
15580 
16360 
16450 


10480 
15150 
20860 
19510 
20350 
20490 


501% 
4524 
49. 

4y5u 





» (H°—H)) is the heat content at the given temperature less the heat content at 0° K of the given hydrocarbon in the thermodynamic standard ¢ 


State of unit fugacity (1 atmosphere) 


Compound (gas 


Ethene (ethylene) 

Propene (propylene) . . 
1-Butene 

cie-2- Butene 

trans-2-Butene 
2-Methylpropene (isobutene) .. 


TABLE 5.—Values* of the heat capacity, C;, for the siz 


to 1,500°K 





monoolefins, Cz to Cy, for the ideal gaseous state, 





Temperatures in °K 





500 


800 900 1,000 | 


| 600 1,100 








15. 16 
22. 62 
| 31. 75 
| 29. 39 
| 30. 68 
31.24 


Heat capacity,» C$, in cal/deg mole 


| | 

' | 
17. 18.76 | 20.20 | 21.46 | 22. 

| 25.70 | 28.37 | 30.68 | 32.70 | 34. 

| 35 39.31 | 42.33 | 44.95 | 47.: 
33. 7.60 | 40.87 | 43.70 46. 1 
34. 80 38 41.50 Di 46.! 


38. : 
| 35.30 | 38.81 | 41.86 53 | 46.85 | 
| 


23.54 

| 35.99 
49. 23 | 

| 48.28 | 50. 
48. 65 
48.88 | ! 





* See footnote “‘a” of table 1. 


» C® is the heat capacity at constant pressure of the given hydrocarbon in the thermodynamic standard gaseous state of unit fugacity 


tem perature indicated. 


(1 atmosphere 





Comparison of experimental and calculated values 
of entropy and gaseous heat capacity 








Entropy, S° 
(cal/deg mole) 
yl see ees eee pce 
| Experi- 
mental 


Heat capacity, C$ 
(cal/deg mole) 





| Calculated | ——— Calculated 


ETHYLENE 





47.35 |  47.36[19] 
9.77 | 9.74 [20] eee 
10.45 | 10.39 [20} am 
10.96 | 10.99 (20)| 


PROPYLENE 
—_-——_——— 
15, 27 15.42 [6] 
16.63 | 16.74 [6)} 
17.88 | 17.93 [6}| 


TABLE 6.—Comparison of experimental and calculated values 
of entropy and gaseous heat capacity—Continued 


Entropy, S° 


Heat capacity, C5 
(cal/deg mole) 


(cal/deg mole) 





Temperature (°K) 
Experi- 


Experi- 
mental 


manam |=| © alculated 


Calculated 





cig-2-BUTENE—continued 





; 
20. 7 20. 96[7, 8) |... 
| m08,di.......... 





trans-2-BUTENE 





‘ one 69.12 [9] 
20.96 [8] —_— 

22.69 [8] 
24.53 [8] 











cis-2-BUTENE 


18. 86 19. 14[7, 8] 


240.00 18. 17 my 65. 87 
272.16 19.81 [11] 
312.16 21.91 [11] 
353.16 23. 96 (11) 


65. 86 [10] 
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\ Simple Cyclic Falling-Film Molecular Still 


By John Keenan Taylor 


The efficient cyclic falling-film molecular still described is characterized by simplicity 


of operation and ease of construction. 


The liquid to be distilled is pumped from the res- 


ervoir and introduced on the vertical cylindrical evaporator by an annular orifice. The 
resulting uniform distribution of the distilland, together with the short column used, makes 


for efficient operation. 
minimum of about 10 ml to 1 liter or more. 


The apparatus may be used for charges of liquid ranging from a 


I. Introduction 


Molecular distillation is becoming of increasing 
vst for the separation and purification of 
‘kinds of materials. For example, the proc- 
akes possible the separation of constituents 
viural oils, fats, and waxes which have for- 
ry been considered undistillable. [5, 6]* A 
er of stills have been described in the 
nture for utilizing this method, ranging in 
pfrom those intended for handling a few drops 
naterial to those capable of dealing with tank- 
juantities. When small volumes of material 
involved, of the order of a few milliliters or 
the experimenter is limited to the compara- 
“y inefficient pot still. When larger amounts 
at hand, cyclic falling-film stills are much to 
referred. 
thas been emphasized [2, 4, 6, 8] that mole- 
‘ distillation, or free evaporation as it is also 
ad, takes place only from an extremely thin 
lace layer of the distilland. Hence, it is of 
ost importance that this layer at all times be 
sentative of the bulk of the liquid. The 
‘sce is being continually impoverished by pref- 
itial escape of the more volatile components, 
that some means of maintaining the equilibrium 
‘ween bulk and surface concentration must be 
wided. In pot stills convection and diffusion 


tures in brackets indicate literature references at the end of this paper. 


die Falling-Film Molecular Still 


are depended upon to renew the surface, and the 
ineffectiveness of these processes at high rates of 
distillation is reflected in the inefficiency of the 
apparatus. For this reason, stills in which a thin 
film of distilland is flowed over a heated surface, 
so that the distilling layer is chiefly the entire 
bulk of the liquid, have supplanted the older pot 
type wherever practicable. The film still has the 
added advantage of minimizing the time that the 
liquid is held at an elevated temperature, which is 
a very important consideration when dealing with 
thermally unstable materials. 

The chief problem involved in the design of 
falling-film stills is to provide for uniform distribu- 
tion of the distilland on the surface of the evapora- 
tor. Failure to do so results in preferential dis- 
tillation of the more readily heated thinner 
layers, and consequently a tendency to approach 
bulk distillation rather than surface evaporation. 
A number of devices have been suggested to over- 
come this difficulty. These have consisted of 
embossed designs on the surface of the evapora- 





Contents 


» SURO onc ccbacccudcen at 
. Description of apparatus. 
Method of operation __- 


’. References. - -- 





tor [6], cascade dividers [1], rotating distributors 
[7], coating the column with ground glass [3], 
and like measures. One group of investigators 
made use of a serrated distributor at the top of the 
column and a wire wound spirally around the col- 
umn to facilitate the distribution of the liquid [9]. 
Detwiler and Markley [3] claim good results by 
admitting the distilland at the top of the column 
by means of a tapered sleeve guide, by providing 
a mushroom head at the top of the column, and 
coating the entire evaporator with fragmented 
On the mechanical side, Quackenbush and 
Steenbock [10] have described a still in which a 
magnetically operated rotor continually wipes the 


glass. 


II. Description 


The features of design that have been aimed 
for in this still are [a] excellent distribution of 
distilling layer of liquid, [b] a short column to 
minimize impoverishment of the distilling surface, 
and [c] high ratio of rate of renewal of surface to 
rate of distillation. The apparatus is shown 
diagramatically in figure 1. The still proper is 
indicated by M. It consists of a central evapora- 

















Figure 1.— Molecular still 
A, Ampoules; C, cooler; D, drop counter; E, evaporator; F, fraction col- 


lector; H/, preheater; P, pump; R, reservoir; S, solenoid; 7, thermocouple 
outlets; V, vacuum leads, 


174 


evaporating film. The highly efficient but « 
plicated rotary-film stills of Hickman [6] may 
considered as the ultimate in design for minimi;; 
the difficulties inherent in the distribution of ¢ 
distilland. 

Most of the devices suggested to increase 
efficiency of molecular stills appear to be either 
doubtful value or else require cumbersome , 
expensive mechanical equipment for their utij 
tion. 
excellent distribution of the evaporating film 
a simple and easily constructed device. In ad 
tion, it incorporates some of the best features 
those already described. 


of Apparatus 


tor, £, surrounded by a condensing surface. 7 
distinctive feature of the apparatus is the syst 
for distributing the liquid upon the surface of 
evaporator. <A tube of internal diameter slig) 
larger than the outside diameter of the evapor 
is placed over the top portion of it so that 
annular orifice of uniform dimensions is form 
The operation is as follows. As the liquid 
pumped into this distributor, a head is built 
until the integrated rate of flow from the ori 
equals the delivery rate of the pump. In practi 
a head of about 1 to 2 cm is maintained so the 
continuous supply of liquid to the evaporate: 
assured. When carefully constructed, this anm 
produces a film which starts uniformly am 
the entire surface of the evaporator and wi 
persists as it falls. 

Since the apparatus should prove useful fo 
number of applications, the details of its constr 
tion will be given. Evaporator, 2, is made ft 
a glass tube 18 mm in diameter ' the outside s 
face of which had been finely ground to facilit 
the distribution of the liquid. A heater of 
chrome wire contained in a 7-mm tube is placed 
the center, and the space between it and the wa 
of the evaporator is filled with 2-mm lengths 
bare copper wire to facilitate heat distributi 
The “bonnet” for distributing the liquid on the: 
umn is of 22-mm tubing (19-mm i. d.) so that 
annulus of about 0.5-mm width is formed. 
metal shim, which was subsequently dissolved 
“1 The apparatus is constructed of ordinary Pyrex glass tubing of st#2 


wall thickness. All sizes are the nominal outside dimension unless ote 
stated. we 
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served to space this tube during the fabrica- 
The bonnet extends for a distance of about 
m over the evaporator, there being exposed a 
nm length of evaporating surface. The short- 
of the evaporator follows the recommendation 
ywweett [4], who showed that long columns have 
creased efficiency. 
he concentric condenser, surrounded by a 


» jacket, is of 45-mm tubing. The minimum 


rpath between the evaporator and condenser 
s about 12 mm. A vacuum lead of 20-mm 


vw is ample to remove residual gas and 
mposition products formed during the dis- 


on. 
ye bottom of the still is arranged with two 
atric gutters that carry distillate to fraction 
wor, F, and residue to reservoir, PR, respec- 
ermocouples are inserted at 7 to measure the 
perature of the incoming liquid and also to 
sire the temperature of the falling film, if so 
~d. A thermocouple inserted at the copper- 
sinterface in EH measures the temperature of 
raporator. 

wler, C, may be used to cool the liquid as it 
«the still and enters the reservoir, if this is 

le. The reservoir, R, is made from a 
-ottom flask of one liter capacity.? It is 
led with a vacuum lead, V, and a tube for 
atroduction of the material to be distilled. 
le standard-taper ground joint sealed to R, 
the top, and normally closed with its female 
plement offers a convenient means for intro- 
gsamples without danger of contamination 
stop-cock grease. (This arrangement is not 
nin the figure.) An electric heater may also 
uced around the bottom of RF to assist in the 
mnary degassing of the liquid. 
% pump circulates liquid from R to the still. 
usists of a solenoid-operated hollow piston, P, 
vel with a bronze-ball lift valve seating on its 
al surface. The diameter of the piston is 
nso that a reasonably close fit with the body 
% pump is obtained. A tight fit is neither 
sary nor desirable. Only a slight loss of 
yng efficiency results from a loose fit, while a 


= advantage is gained by using a smaller vesssel when dealing with 
wantities. In either case the entrance tube leading in from the still 


placed so that it is directed toward the exit sump of the reservoir 
drainage hold-up for small volumes of liquid. 


€ 


lic Falling-Film Molecular Still 


means to drain the apparatus is gained. Lifting 
the steel-ball check valve with a magnet also aids 
the drainage operation. A steel ball on a ground- 
glass seat acts as a check valve. These metal 
parts are gold-plated to minimize corrosion. 
Nichrome wire springs inserted above and below 
the piston serve to protect the glass walls of the 
pump in the event of faulty operation. The glass 
body of the pump is made from 10-mm tubing, and 
its overall length is about 10 cm. The tubes 
leading to and from the pump are 4-mm in diam- 
eter. By keeping these parts small, the minimum 
operating volume is about 10 ml.’ 

The solenoid, S, contains 4,000 turns of No. 24 
enameled, cotton-covered wire on a suitable brass 
spool enclosed in a case with steel ends and outer 
shell. The solenoid operates, in series with a 
suitable resistance, on the 115-v d-c line and is 
actuated by a relay controlled by an electronic 
impulse timer previously described [11]. By 
regulating the length of stroke, governed by the 
current in the solenoid, and the rate of pulsing, the 
pumping rate can be readily adjusted and con- 
trolled. 

The sample collector, F, is sumlar to one de- 
scribed by Waddle [12]. It is constructed from a 
125-ml Erlenmeyer flask to which is sealed a 19/38 
standard-taper joint, as shown in the figure. 
This joint may be rotated to permit distillate to 
collect in any one of the four or five ampoules 
sealed to the bottom of the flask. A vacuum lead, 
V, is provided to assist in the evacuation of the 
apparatus. 

The entire apparatus is mounted on a frame 15 
inches wide and 30 inches high. The leads, V, are 
joined to a common tube which is in turn sealed to 
a conventional portable vacuum system consisting 
of fore vacuum pump, diffusion pump, traps, and 
MacLeod gage, all mounted on a frame of dimen- 
sions similar to those of the still. By cutting the 
one connecting lead, the two units may be easily 
transported to various locations in the laboratory. 

* Pumps operating in high vacuum are either lift or force pumps, and 
hydrostatic head of liquid above the check valve is the factor that replenishes 
the chamber of the pump. The minimum operating volume of the pump in- 
cludes the volume contained in the lead tube up to the level of the check 
valve, the volume of the pump chamber, and the volume of liquid contained 
in the tube leading from the pump to the still proper. This, together with 
the drainage of the still and reservoir, constitutes the hold-up of the apparatus. 
The dimensions of the pump and tubes must be kept small to minimize this 
hold-up. Lift pumps, such as the one used here, appear to offer the greatest 


possibilities for combining the opposing characteristics of low hold-up and 
large pumping capacity. 





III. Method of Operation 


The method of operation is essentially as follows. 
The liquid to be distilled is placed in R and the 
introduction tube sealed or closed off with a 
ground joint. The system is then evacuated 
during which, at first, large quantities of dissolved 
gas are liberated. Reservoir, R, may be warmed 
with the heater provided for this purpose, to help 
remove gas. When evolution of gas ceases or 
slows down, the pump is operated, and the liquid 
is allowed to flow over the cold surface of the 
evaporator. Usually only a few cycles of flow are 
required to produce a perfectly quiet distillation. 
Warming the evaporator to a temperature that is 
insufficient to cause appreciable distillation greatly 
facilitates the degassing process. 

The distillation is started when the pressure of 


the system reaches 10~* mm of mercury or |oy 
The heater imbedded in the evaporator and ; 
one located at H are connected to adjustable y 
age transformers and regulated so that the tem) 
ature of the incoming liquid is about equal to , 
of the evaporator. The pumping rate is adjys 
so that approximately 1 ml/sec is circulated an, 
the system. A high ratio of rate of flow to rip 
distillation is desirable, as under this conditio, 
operation, the chance for formation of stag: 
layers of distilland on the surface of the evapor 
is decreased. The distillate is collected in suity 
fractions in the ampoules, A, sealed to E. At; 
end of the distillation, the residue containing 
less volatile components is removed at the br 
off tip drain shown near the bottom of the pw 
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Study of Resinous Sealants for Porous Metal 
Castings 


By Vernon C. F. Holm 


The repsir of porous castings by sealing with liquid synthetic resins was investigated 


The sealing efficiencies of fourteen resins were determined on porous bushings of aluminum, 


a copper-silicon alloy, and a red brass, impregnated by the vacuum-pressure method. Tests 


were made to determine the durability of the two most promising sealants by exposing 


specimens sealed with these resins to hot motor oil, high octane gasoline, boiling water 


elevated temperatures, high pressures, and thermal shock. 


The results suggest that this 


procedure for rendering porous castings pressure tight may be permissible in emergencies 


but that, in general, the foundryman should exert every effort to produce non-porous castings 


instead of trying to remedy porosity. 


I. Introduction 


production of castings capable of retaining 
ids or gases under pressure is a foundry prob- 
that frequently entails considerable diffi- 
‘ies. Porous castings may result from (1) the 
of a metal that has an inherent tendency 
ds microporosity, (2) incorrect foundry 
iniques, or (3) design requirements that do not 
ide for adequate feeding during solidification, 
In any case internal cavities exposed during 


i the castings are placed in service. 
me alloys which have rather wide solidifica- 
hranges, such as certain magnesium alloys, are 
'e susceptible to microshrinkage. Castings of 
nesium alloys, used as containers for fluids 
t slight pressure, therefore are frequently 
ated with sealants to prevent leakage. Such 
‘ments have been satisfactory in light-metal 
‘ings for low pressure service, but the problem 
minating porosity in castings of other metals 
tt have to operate under more severe conditions 
‘enperature and pressure, is more difficult. 
Yurng the recent war period when a high rate 


ling Porous Castings 


of production of vital war materials was essential, 
the output of pressure-tight bronze castings of 
certain hydraulic marine fittings and other castings 
was seriously hampered because of porosity re- 
jections. In instances where the mechanical 
strength of the fittings was ample, in spite of the 
porosity, it was suggested that leaky castings could 
be salvaged through the use of suitable sealants as 
in the case of the lighter alloys. Although con- 
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siderable work was done in this connection, very 
little information has been published on the 
subject. Some of the materials that have been 
tried are linseed oil [1, 2]', shellac [2], sodium 
silicate solutions (2, 3], and various types of syn- 
thetic resins [2, 3, 4, 5]. In the case of castings of 
iron and steel, salt solutions [2, 6] have been used 
for accelerating the formation of rust-like corrosion 
products for “plugging” voids. Corse [7] reported 
that alcoholic solutions of phenol-formaldehyde 
resin were used as sealants for aluminum crank- 
cases during World War I and that H. W. Gillett 
used this resin as early as 1912 for sealing alumi- 
num intake manifolds for automobile engines. In 
the case of magnesium castings, tung oil is re- 
ported [8] to be a very satisfactory sealant, but 
during World War II its use for this application 
was prohibited by the War Production Board, and 
consequently other sealants had to be developed. 
Satisfactory results were obtained on magnesium 
castings with mixtures of styrene with either a 
heavy bodied linseed oil [9] or with certain syn- 
thetic resins [10, 11]. 

' Figures in brackets indicate literature references at the end of this paper. 


A satisfactory sealant should have low vise, 
and good wetting properties so that it can 0 
trate readily into small voids. It also shou) 
reasonably stable during storage in the lig: 
state. In curing it should form a resilient, , 
herent solid unaffected by moderately | 
temperatures and reasonably inert when expo 
to hot oil, gasoline, water, and other coms 
solvents. 

Of the materials mentioned some are satisfac 
as sealants in certain applications, but nop, 
them can be regarded as a universal seal 
Because of the many recent developments in ; 
field of plastics, it was considered desirab| 
investigate the effectiveness and durability 
sealants of a number of available liquid syntly 
resins. The present investigation was lim 
to this class of materials. Experiments w 
made to establish the sealing efficiency of seve 
different resins and durability tests were 
ducted on specimens treated with the most effici 
sealants. 


II. Materials and Apparatus 


The porous specimens that were used in this 
investigation were bushings 2 inches in outside 
diameter and 2 inches long, with a wall thickness 
of one-eighth inch. Some were cast to size and 
machined on the ends only. Others were cast 
oversize and machined inside and outside to 
dimensions. The materials were commercial alu- 
minum, an alloy of copper and 3% percent silicon, 
and red brass (85 percent copper and 5 percent 
each of lead, tin, and zinc). Some of the speci- 
mens had been prepared previously for another 
investigation; others were cast especially for this 
work with the melting and casting conditions 
controlled to favor the development of the desired 
amount of porosity. For the aluminum speci- 
mens this involved heating the metal to about 
1,600° F (250° F above the normal maximum 
heating temperature) which tends to develop a 
coarse structure and also favors gas absorption. 
In casting the copper alloy specimens, some of 
the mold surfaces were moistened with kerosene 
to insure the development of porous castings. 

The degree of porosity in each specimen was 


determined by a hydrostatic pressure test. & 

specimens showed considerable leakage at pn 
sures as low as 25 lb/in.? and water was emt! 
as a steady spray when the pressure was increas 
to 100 lb/in?. Others showed only slight sigs 
leakage at 600 Ib/in*. Specimens that 

withstand a pressure of 600 |b/in.? for 5 miu 
without leaking were considered sound, and 
criterion was adopted as a basis for judging 

success of the sealing treatments. 

Examination of sections of porous specilié 
showed that most of the porosity was du! 
microshrinkage and consisted of cavities along! 
grain boundaries. This is illustrated by the ma 
graph of a polished section of a specimen of cop) 
silicon alloy, shown in figure 1. The mam 
width of cavity observed in any specimen ' 
about 0.002 inch, but most of the cavities 
much smaller. 

The impregnating chamber shown in figu 
was constructed for impregnation of the spec! 
by the vacuum-pressure method. The chem 
consisted of a 12-inch length of 8-inch pipe, «0 
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+ one end and provided with a flange at the top 
J. The top was closed with a \-inch steel 
ver plate fitted with a rubber gasket and held 
place by bolts. Air and vacuum connections 
ere welded into the side of the vessel near the 
p, and a connection for admitting the resin was 
ated near the bottom. Each of these connec- 
ons was controlled with a valve and a drainage 
Je in the bottom was closed with a pipe plug. 
The impregnating chamber permitted treatment 
|0 specimens at one time with about one-half 
lon of resin. The 10 specimens used for each 
st were selected so that specimens of reasonably 
mparable porosity were treated with each resin. 
he procedure consisted in placing the cleaned 
i dried specimens in the chamber, closing all 
enings except the one to the vacuum pump, 
nd evacuating to a vacuum of 28 or 29 inches of 
ercury for 1 hour. Then sufficient sealant was 
awn in to cover the specimens and an air pres- 
we of 75 lb/in.? applied for 1 hour. After the 
ressure was released, the sealant was withdrawn 
| the specimens were allowed to drain. Most 
the adhering resin was removed by wiping. A 
ne in a suitable solvent, followed by wiping 
tha clean rag, removed the last of the sealant 


m the surfaces. The specimens were then 


cured under conditions recommended for each 
particular resin by the manufacturer. The curing 
schedules ranged from 1 hour at about 200° F to 
4 hours at 275° to 350° F. In the case of many of 
the resins some exudation occurred during curing 
but the exuded material was removed before mak- 
ing pressure tests. The exudation that occurred 
during the curing of a porous aluminum specimen 
impregnated with a phenolic resin is shown in 
figure 3. 

Fourteen resins were selected for investigation, 
representing commercially available products. 
Six of these have been recommended specifically 
as sealants; the others were selected for comparison 
with the commercial sealants. A low viscosity is 
an important requisite for sealants to insure pene- 
tration, but it is questionable whether or not this 
property should be gained at the expense of the 
solids content of a resin through dilution with 
volatile solvents. For most of the resins the 
desired viscosities were obtained by using suitable 
amounts of the more fluid reactants like styrene 
in the copolymerizing resins; a few of the resins 
required dilution with solvents but these additions 
were not made on the basis of equal fluidities. 
One resin, No. 3, contained no added solvent and 
the viscosity of this sealant was somewhat higher 
than for the others. 


III. Results of Impregnation Tests 


The results of the sealing treatments with the 
rious resins as indicated by pressure tests are 
own in table 1. In this and in subsequent 


1.—Resulis of sealing treatments with different 
resins as indicated by pressure tests * 


Percentage of | 
Num- specimens 
ber of sealed in— 
porous 
speci- 
mens 1 im- 2 im- 
treated; preg- | preg- | 
nation | nations | 


Remarks 


10 20 20 


10 |) ee 

13 46 | 46 | Resin has high solids 
| content. 

12 33 66 | 

10 “ae 

10 20 20 | 


Resin No. 6 with wet- 
ting agent 


10 30 
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TABLE 1.—Resulis of sealing treatments with different 
resins as indicated by pressure tests *—Continued 





Perceniage of 
Num- specimens 
ber of | sealed in- 
porous ___ ~~ 
speci- ' 
mens lim- | 2im- | 
treated’ preg- | preg- | 

nation | nations 


Type of resin Remarks 


| ' 
8. Styrene-alkyd « il 30 
9. Phenol-formalde- 30 _| Low molecula, -veight 
hyde.¢ resin. 
10. Resorcinal - formalde- ll Fast-curing resin 
hyde.¢ 
. Styrene-alkyd ¢ Pa 
. Phenolic with silice- | Resin 
ous filler,» solids. 
13. Phenolic >__. : 3 : 79 | Resin 


solids 


oF 


contains 65% 
contains 52% 


14. Styrene-polyester 4 36 86 | 





* Specimens were tested at a hydrostatic pressure of 600 Ib/in.? for 5 minutes. 
» Recommended by the manufacturer for general use. 

¢ Resins not marketed as sealants. 

4 Recommended by the manufacturer for aluminum or magnesium alloys 





tables, the sealants are arranged according to 
arbitrarily assigned numbers with the type of 
resin indicated. For some of the resins, data are 
given to show the effect of a second treatment on 
the specimens that had not been completely sealed 
in the initial treatment. Only four of the resins 
successfully sealed 46 percent or more of the speci- 
mens in one treatment. One of these, No. 3, 
showed a sealing efficiency of 46 percent in the 
initial treatment but indicated no improvement 
in the second treatment. Resin No. 5 sealed 50 
percent of the test specimens in one treatment, 
but the curing of this resin was catalysed by con- 
tact with copper even at room temperature and 
the bronze specimens became coated with a solid 
material during impregnation, which was exceed- 


IV. Durability Tests 


Repaired castings must withstand exposure to 
service conditions in addition to being pressure 
tight immediately after the impregnation treat- 
ment. Thus it is important to know how the 
sealing material will withstand exposure to hot 
motor oil, high octane gasoline, or boiling water 
over extended periods. Likewise a knowledge of 
the effect of elevated temperatures or of hydrau- 
lic pressures in excess of 600 lb/in.? may be of 
importance in some applications. Another fac- 
tor deserving consideration is the ability of the 
sealed casting to withstand thermal shock. 

In order to evaluate the durability of the seal 
produced by the two most efficient sealants, a 
number of experiments were conducted. In most 
of these tests five specimens sealed with each resin 
were exposed simultaneously under each condition, 
and the durability was judged by pressure tests on 
the specimens, either at regular intervals or upon 
completion of the exposure test. 


1. Exposure to liquids 


The effects of exposure to motor oil at 250° F, 
high octane gasoline (AN-F-28 fighter fuel) at 
room temperature, and boiling water were deter- 
mined by completely immersing sealed specimens 
in each medium. The exposure tests were con- 
tinued for 16 weeks, the specimens being removed 
for pressure tests at intervals of 4 weeks. Sound 
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ingly difficult to remove. Two of the sealan, 
No. 13 and No. 14, made the best showing. \, 
13 is a phenolic resin in alcohol solution apq; 
recommended by the manufacturer for elimingi 
leakage in all types of metals and alloys. No | 
is a styrene-polyester resin developed particulg: 
for sealing aluminum and magnesium casting 
In the initial treatment No. 13 sealed 58 percen;, 
the specimens tested and No. 14 sealed 47 percoy: 
After two treatments the total percentages seal, 
were 79 percent and 86 percent, respectively, { 
the two resins. . 

As these two resins were the only ones thy 
yielded reasonably satisfactory results in 4 
sealing treatments, durability tests were confine 
to specimens repaired with these sealants. 


on Sealed Specimens 


specimens were replaced for further exposure af 
each pressure test. The results of these tests x 
given in table 2. 


TABLE 2.—Results of the exposure of sealed specimen 


| 

| Number of specimen 
Number sure tight ® after 
of spec- 
| imens 
| tested | 4 | 8 12 

weeks | weeks weeks * 


Sealant Exposure medium 


No. 13 Motor oil at 250° F 

No. 14..} do | 

No. 13 High-octane gasoline at 
room temperature 

No. 14 do 

No. 13 Boiling water 

No. 14__|.....do 


* Pressure tested at 600 lb/in.? for 5 minutes. 


2. Effect of elevated temperatures 


The stability of the two sealants at elevaie 
temperatures was determined by exposing set 
specimens in air at a specified temperature [0 
hours, pressure testing the specimens, and ' 
exposing the pressure tight specimens at a lu 
temperature. This procedure was continued 
all of the specimens had failed. The first ex] 
was at 400° F and the temperature was inc! 
by 100° F in each successive cycle. The re“ 
of the tests are given in table 3. 
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TABLE 4.—Resulis of tests on sealed specimens at pressures 
higher than 600 Ib/in.? 








Number of specimens pressure tight* 


Number ter 5 hours at — 


: of speci- 
Sealant mens — eo oe 
500° F | 600° F 


tested | 400° F 700° F 


sPressure tested at 600 Ib/in.* for 5 minutes. 


3, Effect of testing at pressures in 
excess of 600 Ib/in.’ 


Another group of castings was tested to deter- 
ine the maximum pressures that the sealed speci- 
ens could withstand. The specimens were first 
ibjected to a hydrostatic pressure of 700 Ib/in.? 
r5minutes. Those specimens which were sound 
t this pressure were then tested at 800 |b/in’. 
he pressures were thus increased by increments 
100 to 200 Ib/in.? until leaks developed in all 
the specimens. The results of these tests are 
sown in table 4. 


Effect of thermal shock and aging 


The ability of the sealed castings to withstand 
vrmal shock was determined by alternately 





Number of specimens pressure tight 
after 5 minutes at— 


| | 
| Number | 
| of | 


| 


speci- es —— ee ee 


} mens | - | | | P 
| men 700 «=| «= 800 1,000 1,200 
tested | pin | Ib/in. | Ib/in.# | Ib/in. 


immersing the specimens in baths at 212° and 
32° F, respectively. The castings were kept in each 
batb until they attained the temperature of the 
medium. After 25 cycles (50 changes of temper- 
ature) the specimens were tested for pressure 
tightness. Four of the five specimens treated with 
resin No. 13 had developed leaks, whereas only one 
of the five specimens sealed with resin No. 14 had 
failed. 

Five specimens sealed with each resin were 
retested for pressure tightness after storage at 
room temperature for 6 months. No change had 
occurred in any of the specimens during this 
period. 


V. Discussion of Results and Conclusions 


Of fourteen resins tested to determine their 
iciency as sealants for porous castings, only two 
sowed promise in this respect. Even these two 
sins sealed only 50 percent of the specimens 
ibjected to one treatment but a second impregna- 
n increased the sealing efficiency to about 
)percent. Asa double treatment does not insure 
mplete sealing, it is necessary to test all castings 
) identify those which have not been sealed. 
us undesirable feature necessarily limits the 
alue of the process, and for that reason the use of 
alants, except in some special applications, 
vbably will be resorted to only in emergencies. 
Regardless of the circumstances requiring the 
of a given sealant, its durability under service 
litions should be given first consideration. 


‘esults of the tests indicated that a resin may 
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be decidedly superior for one type of exposure but 
may be of questionable value under other service 
conditions. Thus the styrene-polyester resin 
(No. 14) was considerably more satisfactory than 
the phenolic resin (No. 13) in exposure to petro- 
leum products (table 2), while the phenolic resin 
was superior for elevated temperature conditions. 
In addition, the phenolic resin required the appli- 
cation of higher pressures to produce failure at 
room temperatures. Both resins were reasonably 
stable in exposure to boiling water. Under thermal 
shock conditions the polyester resin (No. 14) was 
decidedly superior. Undoubtedly this is due to 
the fact that the latter forms a resilient material 
upon curing whereas the phenol-formaldehyde 
resin is converted into a glassy, brittle mass that 
fractures readily as the casting expands and 
contracts. 





Although impregnation with sealants now avail- 
able may be a useful method for rendering certain 
types of porous castings pressure tight for limited 
service conditions, the results of this investigation 
suggest that in general the production of leak- 
proof castings remains essentially a foundry 


problem. Thus the development of presg, 
tightness in castings, in general, will result % 
careful design, judicious selection of alloys. , 
the application of good foundry practice. |; 


better to avoid the formation of porosity tha, 
try to remedy it. 
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Testing Large-Capacity Rotary Gas Meters 
By Howard S. Bean, Matthew E. Benesh,' and Frank C. Witting? 


The paper describes two methods of testing rotary gas meters of large capacity. In 
one method, known as the field test method, the necessary equipment is taken to the meter 
location. In the other method, termed the “‘transfer method,” the test is made in a shop 
where conditions can be controlled more closely. Results obtained by the two methods 
are compared. 

Tests made to study the instantaneous pressures within the closed measuring pockets of 
rotary meters and the effect of pulsations at the meter inlet are described, and the results 


discussed. 
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I. Introduction 


During the last 20 years the use of gas as an 
industrial fuel has increased many fold. As 
examples, many bakeries (from the small neighbor- 
hood shop to the large wholesale bakery), enamel 
and paint drying ovens, and heat-treating ovens 
for tools and machinery parts use gas as their 
source of heat. To measure the gas supplied to 
these users, a number of different types and sizes 
of meters have been developed. It is fortunate 
that this has occurred, as no one type or size 
possesses the necessary characteristics tg fulfill 
satisfactorily all the conditions encountered. 

The development of these meters and the in- 
crease in their unit capacity (particularly in the 
rotary type) introduces the problem of testing such 
meters. Some of the meter manufacturers have 
gasometer-type provers of as much as 3,000-ft.° 
capacity. The chief disadvantage of using these 
provers for testing some of the largest meters is 
that the high inertia of the moving parts of both 
meters and provers makes it difficult to perform 
tests at uniform rates of flow anywhere near the 
rated capacities of the meters or even their normal 


rates of operation. Moreover, moving son, 

the largest meters to a prover is so expensive g«. 
practically prohibit routine testing of them by thy 
method. Hence, the development of equipme; 
and methods for testing these meters to their 
capacity and for checking their condition whi) 

service is of importance to meter manufactyr 
users, and public utility commissioners. 


Technical and commercial associations throw 


appropriate committees, as well as_ individ 
companies, have given considerable attentioy : 
the metering of gas and testing of gas mets 
The Bureau has cooperated in several of th; 
efforts, as one of its functions is to assist in } 
development of methods of testing. The y 
here described was done in cooperation with 
Peoples Gas Light & Coke Co., Chicago, Ill., w 
arrangements similar to those that applied 
connection with the Joliet reference meter inves 
gation described elsewhere.* 


3H. S. Bean, M. E. Benesh, and F. C, Witting, Joliet reference gas x 
J. Research NBS 17, 207 (1936) RP908, 


II. General Outline of Methods and Conclusions 


1. Rotary Meters 


The rotary meters referred to in this paper are 
the two-lobed impeller type. A cross-sectional 
elevation of such a meter is shown in figure 1. 
Air or gas flowing through the meter in the direc- 
tion indicated by the broken arrows causes the 
impellers to rotate in the direction shown by the 
solid arrows. The volume of air or gas trapped 
within a pocket such as that formed between 
impeller A and the semicircular portion of the 
case C is discharged into the meter outlet. Four 
euch pockets are filled and discharged during the 
course of each revolution. Theoretically, the 
two impellers, A and B, should be in continuous 
rolling contact with each other and continuous 
sliding contact with the two semicircular parts of 
the meter case, C and D. Under these ideal 
conditions, which no actual meter fulfills exactly, 
the volume of each pocket may be computed from 
the dimensions of the case and impellers, as the 
cross-sectional outline of each impeller is developed 
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by geometric curves and the inside of the cases 
semicircle. Therefore, the area of one m 

pocket is equal to one-half the impeller sectiow 
area subtracted from the area of the semicireu 
portion of the meter case, C. Multiplying 
area by four and then by the impeller length g 
what may be called the “dimensional” displ: 

ment per revolution.* 

In an actual meter, the true displacement dif 
from the dimensional displacement defined abo 
because it is necessary to avoid impeller wear 
excessive differential pressures across the met 
To do this, there are small but significant ce 
ances provided between the :mpellers and the 
Also the surfaces of the impellers are not in act 


rolling contact, and the proper phase relations! 


between the impellers is maintained by spur ge 

on the impeller shafts outside the impeller cham 
These small but necessary clearances introdl 

two modifications to the simple relations! 


4In the past, one manufacturer has used this mathematical deriva 
meter displacement in computing the listed displacements for his met 
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ecrE 1.—Cross-sectional elevation of a rotary gas meter. 


roken arrows indicate the direction of gas flow, the solid arrows the 
direction of rotation of the impellers 


n meter dimensions and 
first is that the actual displacement per revo- 
n differs from that computed from the actual 
nensions. The second is that a small quantity 
gas will pass through the clearances without 
ecting the meter indications. The magnitude 
the first modification is a function of the meter 
arances only, whereas the second, in addition 
being a function of the meter clearances and the 
usity and viscosity of the gas, is also a function 
the pressure drop across the meter, which is a 
rable. 
In order to evaluate the magnitudes of these 
difications, two methods of testing rotary 
‘ters have been developed and are here described. 
he of these is called the “field method” because 
it an industrial meter may be tested in either 
e meter shop or its actual service location. The 
her, referred to as the “transfer method”’, is a 
ratory method and is applicable to the testing 
any type of meter that operates close to atmos- 
eric pressure and has a capacity range within 
at of the available testing equipment (96 to 
“0,000 ft*/hr in the present case). 
The transfer method and the equipment used 


displacement. 
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with it were developed first and used to test a 
large number of rotary meters. An analysis of 
the results of these tests led to the development 
of the field method. Representative meters, pre- 
viously tested by the transfer method, were tested 
again by the field method to establish its relia- 
bility. The remarkable agreement between the 
results obtained with the two methods is illustrated 
by a detailed example in Section II and by other 
examples summarized in Section ITI. 


2. Field method of meter calibration 


The field method of meter calibration consists 
of three individual determinations (1) the true 
meter displacement, (2) the quantity of air or gas 
that passes through the clearances of the meter, 
and (3) the pressure drop across the meter at 
several rates of operation. 

The meter displacement is determined by driv- 
ing it mechanically at a very slow rate of speed 
(equivalent to 1 percent or less of its rated capac- 
ity), and maintaining a zero pressure difference 
across the impellers. The discharged air or gas 
is measured by a small, accurate reference meter, 
which in turn is calibrated by comparison with a 
primary standard. (In this instance the primary 
standard is a piston meter).* The result is re- 
ported in terms of cubic feet per revolution. 

The measurement of the quantity of air or gas 
passing through the meter clearances consists of 
accurately determining the flow through the im- 
peller clearances under static conditions and sub- 
sequently converting this information by means of 
an empirical relationship to the dynamic condi- 
tions occurring during the actual performance of 
Original data for this procedure are 
The first of these 


”? 


a meter. 
obtained from two simple tests. 
tests, referred to as the “clearance test, 
in accurately measuring the rate at which gas 
flows through the meter clearances at various 
specified differential pressures when the meter 
impellers are externally driven at a very slow and 
uniform rate of speed. The second is the “rate 
test,” and consists in measuring the differential 
pressures across the meter while it is operating 
normally at various speeds throughout its operat- 
ing range. 

The results of the two tests are then combined to 
correlate the flow of gas or air through the impeller 
clearances with the meter speed. The method of 


consists 


§ See Sec. III, 2, (a), (2). 
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Figure 2.—Curves for the relationship between meter speed: 
clearance flow, actual pressure drop, and effective pressure 
drop of a rotary gas meter. 


@e (ft?/min) rate of flow through the clearances. 

A (in. HyO)actual pressure drop through the meter. 

A, (in. HyO)=the pressure drop which is effective in producing the flow 
through the clearances. 


doing this is illustrated in figure 2. Curve (A) is 
taken directly from the rate test and shows the 
variation of the observed differential pressure with 
the meter speed. Curve (A,) is derived from (h) 
by an empirical relation * and shows the variation 
of the effective differential pressure with the meter 
speed. Curve (q,) is taken directly from the clear- 
ance test and shows the variation of the clearance 
flow with the differential pressure. From these 
curves the clearance flow corresponding to any 
observed differential pressure or meter speed is 
obtained. 

Dividing any value of the clearance flow, in 
cubic feet per minute by the corresponding meter 
speed in revolutions per minute gives the rate of 
flow through the clearances in cubic feet per 
revolution. Adding this quotient to the measured 
displacement per revolution gives the total rate 
of flow through the meter at the particular speed. 
The result of this operation for several different 
meter rates is illustrated in figure 3, in which curve 
(e), representing the total flow, is obtained by 
adding to the ordinates of curve (c), for the 
clearance flow, the amount of the actual displace- 
ment value (s). 

The results of gas meter tests are most com- 
monly reported by the gas industry in terms of the 
meter proof. It is the factor, expressed as a 
percentage by which the indications of a meter 
must be divided to obtain the true volume of gas 
metered. The meter proof for any particular 


* See sec. III, 1, (ce). 
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Ficure 3.—Determination of the total rate of flow pe ; 
olution from the actual displacement and the clearyy 


flow. 


Line (c) is the flow through the clearances, (s) the actual displaceme 
revolution, and (¢) is the total flow per revolution 


meter speed is obtained by dividing the | 
meter displacement furnished by the me 
manufacturer by the value read from curv: 
figure 3, and multiplying this value by 100. 
curve shown in figure 4 was developed in ¢ 
manner and illustrates the variation of the me 
proof with the meter speed. A detailed descrip: 
of the equipment, procedure, and neces 
computations are given in section III,1. 





METER RATE REV. IMPELLERS/MIN 


Figure 4.—Proof curve of a rotary gas meter, 


This curve was developed with data from figures 2 and 


3. Transfer method of meter 
calibration 


In this method, which could also be designate 
as one of substitution, air or gas is circulated: 
a desired rate of flow through the meter under t# 
until conditions (i. e., rate, pressure, and tempe 
ture) are constant. Then, without altering 
of these conditions, the entire flow is diveré 
into a Jarge storage container whose static pres 
is not only very close to atmospheric pressur 
also completely independent of volume or ™* 
of change of volume. The flow into the stom 
container is continued until the contaime? 
nearly full and then diverted back to the org! 
circulation. The time during which the {lov 
thus diverted or the difference in meter readi 
between the start and finish of the diversion ® 
recorded as precisely as necessary. ‘The al 


Journal of Resea 





Journal of Research of the National Bureau of Standards Research Paper 1741 


the 
le = me 
curve 
100 
d in 
the n 


Script 


Transfer lesting method equipment with a small 
for lesting 


he heat ¢ 


ng of large secondary reference meter, 2, t 
small slide valve; 6, engine The lettered valves correspond t 


xchange large 








- 
ua.aw = 
— 





in the storage container is then measured out 
ugh a reference meter at whatever rate is most 
od to the operation of the reference meter. 
» pressures and temperatures of the air as it 
<es through the meter under test and the 
rence meter are measured and recorded, and 
» data are used to reduce the indications of the 
» meters to a common basis for comparison. 
he reference meter may be any meter of suita- 
capacity that has been carefully calibrated or 
{ sufficient accuracy because of its design and 
le of operation (e. g., the piston meter).” The 
f of the meter under test is obtained by 
iding the volume indicated by it by the volume 
heated by the reference meter and multiplying 
100. 
igure 5 shows the transfer equipment being 
in testing a small rotary meter. The 
tiled description of the equipment, procedure 
necessary computations are given in section 
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Comparison of the two test methods 


results obtained from testing a 10-in. by 
rotary meter by both methods are shown 
mre 6, and attention is called to the close 

nt between the two results. The curve 
he same as shown in figure 4, and was derived 
i the results of the field test, while the indi- 
ial points are the values obtained by the 
ser method. Incidentally, the two sets of 
s, although made on the same meter, were 
d out under very different conditions; that 
the transfer method being made in a special 
ing room under controlled conditions, whereas 
i by the field method was carried out in the 
i with part of the equipment exposed to a 
snow, and with air temperatures much 
jw the ground (and incoming gas) temperature. 


PERCENT 
ve) 
$8 


METER PROOF 


METER RATE % RATED CAPACITY 
Results of testing a meter by field method and 
transfer method. 


lerived from the field test method and the individual points 
are from the transfer method. 
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5. Summary of results and conclusions 


The following is a summary of the results of 
tests of more than 17 rotary gas meters, ranging 
in capacities from 12,000 to 800,000 ft®/hr. 

1. The average proof of the meters, in good 
mechanical condition, over the range of 5 to 150 
percent of rated capacity, is between 98 and 101 
percent. 

2. The proof curve of any individual meter is 
within +0.25 of the group average over the range 
of 20 to 150 percent of rated capacity, and is 
within +0.5 percent of the group average over 
the range of 10 to 20 percent of rated capacity. 

3. The size of a meter has very little influence 
on its proof curve when the meter speed is 
expressed as a percentage of the meter speed at 
the manufacturer’s rated capacity or speed for 
the meter. 

4. The static displacement of a rotary gas 
meter appears to be almost unaffected by corrosion 
or deposits, even those resulting from unpurified 
gas. Hence, having been once determined, it will 
seldom be necessary to be redetermined. 

5. After a rotary meter has been tested once 
by the field method, including a hand-operated 
clearance test for reference, its condition at any 
subsequent time may be ascertained by making a 
simple hand-operated clearance test. If the 
result of this test does not differ by more than 50 
percent from the original, the percentage change 
can be applied directly to the clearance curve and 
a new calibration curve developed. 

6. The internal surfaces of a rotary meter can 
be cleaned satisfactorily, with a minimum inter- 
ruption to the customer’s service by several 
flushings of the meter with a noncorrosive solvent. 

7. Pulsations, or pressure, waves created by the 
action of the impellers may be reflected from some 
part of the inlet piping so as to cause a slight 
irregularity in the meter proof curve. Theo- 
retically, the maximum effect of such pulsations 
will occur when a single positive or negative pulse 
of the fundamental wave produced by a rotary 
meter is completely reflected and returns to the 
meter inlet at the exact imstant to produce a 
maximum effect on the density of the gas about 
to be trapped in an impeller pocket. In these 
tests, the maximum reflection of pulsations was 
obtained with open-ended inlet pipes, and the 
magnitude of their effect upon the density of the 





gas in the meter and the proof of the meter was 
about 0.6 percent. 

8. The maximum effect that pulsations re- 
flected into the meter inlet could produce upon its 
indication was determined by measuring the 
instantaneous static pressures at the meter inlet 
over normal operating range of meter speeds and 
various phase angles of the impellers. The maxi- 
mum effect upon the meter proof, indicated by 
these measurements, amounted to about 0.8 
percent, and occurred within a very narrow range 
of meter rates. 

From the experience gained in developing these 
methods of testing large-capacity gas meters, 
and from the results of using these methods in 
testing rotary gas meters, as summarized above, 
the following conclusions have been drawn: 

1. The capacity range of gas meters which may 
be tested by the transfer method, using the equip- 
ment herein described, is from about 95 to about 
1,000,000 ft*/hr. 

2. It is believed that the results obtained by the 
transfer method, as used in the testing of rotary 


III. Detailed Description 


l. Field method of meter calibration 
(a) Description of equipment 


As stated in section II, the field method of test- 
ing rotary gas meters is made up of three separate 
tests, namely: determination of the displacement of 
the meter, usually referred to as the displacement 
test: determination of the rate of flow through the 
meter clearances corresponding to different pres- 
sure drops across the meter, referred to as the 
clearance test; and the observation of the pressure 
drop across the meter when it is operating at 
different rates is referred to as the rate test. When 
the second, or clearance, test is made with air 
an additional test is needed by which the clearance 
flow with gas can be calculated from the rate 
obtained with air, and this test is referred to as the 
auxiliary clearance test. 

The principal items of equipment used to make 
these several tests, shown diagrammatically in 
figures 7, 8, and 9, include a small reference 
meter with a driving motor and gearing, a second 
motor and gear system for driving the industrial 
meter, mechanically operated breather, rubber bag 
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gas meters, are correct to within about « 
percent. y 

3. The field method equipment here deser} 
can be set up and disconnected by two men 
third man is needed only while the test i 
progress. 

4. The results obtained from tests of ri 
gas meters by the field method are of nearly ; 
same degree of accuracy as those obtained by 
transfer method. ' 

5. In general, the mechanical condition of 
rotary meter can be estimated while in operat 
by comparing the pressure drop across it with th 
observed in the original test for the same me 
speed. So long as there is no radical chang 
the speed—pressure-drop relation, its condition m 
be assumed to be satisfactory. 

6. The effect of pulsations can be elimins 
completely by the recording of the instantan 
pressure within each meter pocket at the a 
time the pocket is sealed off and this value used 
the static pressure in the meter. 


of Methods and Equipment 


differential pressure indicator, small suction- 
air blower, diaphragm-type gas meter, brake 
such additional items as thermometers, man 
eters, and stop watch. A better understand 
of the testing procedure will be gained if som 
these items are described in detail. 


OPTRATED BF TRanjantio~ 
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Ficure 7.—Diagram of the equipment and connectu™ 
the displacement test of a rotary gas meter 
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cre 8.—Diagram of the equipment and connections for 
the clearance of a rotary gas meter. 


Reference meter.—The reference meter form- 
a part of the equipment for the field method 
s described in this paper was obtained by the 
ition of various special parts to a standard 
by 3-in. rotary blower provided with special 
t and outlet flanges.* The conversion of a 
| rotary blower into a very accurate displace- 
nt meter is accomplished by providing the exact 
out of external power necessary at all times 
pemit the blower to operate without any flow 
ough its impeller clearances. The external 
ver is supplied by a 1/20-hp induction motor 
ugh a six-step variable-speed reducer and 
in-drive system. These six speeds permit the 
ter speed to be varied from 96 to 1,475 rpm in 
ps of equal geometric progression. As the 
ration of this type of meter tends to produce 


Hations, particularly in the inlet chamber, 


ich may affect the accuracy of the meter 
ications,’ large chambers are attached to the 
and outlet openings of this meter to suppress 
se pulsations, and as a further aid the inlet 


imber, which is the larger, is filled with wire 


th. 

‘hese chambers are suitable for the suppression 
high-frequency pulsations, but their capacity 
sufficient for the low-frequency pulsations 
urng during the operation of the meter at 
As the suppression of 


lowest meter speeds. 


‘ essential that this meter be of the rotary type. Flow meters 

© used, but the calculation of the results with them would be much 

18. Other types of displacement meters could be used if they are 

ty securate and retain their calibration within less than 0.1 percent 
reasonable period of time. 


w see. IV, 2 
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low-frequency pulsations is difficult unless cham- 
bers of very large size are used, these low-frequency 
pulsations are eliminated at their source by the use 
of a compensating piston and cylinder breather. 
The cylinder of this breather is connected to the 
reference meter inlet while the piston is operated 
by the driving system of this meter at such a rate 
that it travels through four complete cycles for 
each revolution of the meter. A steady rate of 
flow of air into the meter is obtained by synchroniz- 
ing the motion of this piston with the positions of 
the meter impellers. 

Regulation of the rate of flow of air or gas 
through the reference meter, and therefore through 
the service meter under test also, is by means of 
the parallel connection of a 2- and a \-in. plug 
cock attached to the reference meter outlet. The 
condition of zero pressure drop through the refer- 
ence meter is indicated by a gage consisting of an 
oil bead about 1% in. long in a slightly bowed 
glass tube with self-draining enlargements at each 
end. The number of revolutions made by the 
reference meter during the interval of a test is 
obtained from a revolution counter driven from 
one impeller shaft through a clutch that can be 
engaged or disengaged without lost motion, 
slippage, or overrun. 








INDUSTRIAL METER 





Figure 9.— Equipment and connections for the rate test of 
a rotary gas meter. 
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The reference meter, its stilling chambers, 
breather, gear box, and revolution counter are 
assembled in a common wooden case, as this not 
only aids in temperature control but also provides 
protection and greater convenience in moving. 
The control cocks and differential-pressure indica- 
tor are, of course, on the outside of the case. The 
driving motor is mounted on the top of the case 
so that heat from it will not affect the meter. 

This assembled meter unit was calibrated by 
operating it in series with the piston meter, which 
is taken as our primary standard. The influence 
of pressure pulsations on the accuracy of the cefer- 
ence meter was checked by interposing various 
size cavities between the two meters. These 
cavities were connected to assimilate the outlet 
connection volumes of various sizes of industrial 
meters, and it was found that the calibration of 
the reference meter was unaffected by the size of 
these cavities when the meter was operated at the 
four highest of the six meter speeds or when the 
piston breather was used with the lower speed 
operations. In the subsequent use of the assem- 
bled reference meter unit the piston breather was 
used whenever the meter was operated at the three 
lower meter speeds. 

The results of calibrating the reference meter are 
shown in figure 10. The upper curve gives the 
meter displacement per revolution without the 
use of the piston breather; the lower curve gives 
the displacement at the three lower rates when the 
piston breather is used. 


WITHOUT 
PISTON BREATHER 


3 


PISTON 
THER 


METER DISPLACEMENT FT*/REV 


METER RATE RPM 
Figure 10.—Calibration curves of the 2%4- by 3-in. rotary 
reference meter. 


The addition of the breather changes the capacity or clearance volume of 
the system and, by making the flow through the meter steadier, decreases 
the flow through the clearances. Hence the difference in the calibration 
curves for the two conditions 
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(2) Motor and transmission system for drip 
industrial meters.—The power for driving the : 
dustrial meter under test is obtained frop 
1/15-hp, 110-v universal motor provided wij 
very sensitive governor by means of which ; 
motor speed can be held within very close jin) 
at any desired value between 3,000 and 7,000 my 
The transmission system contains a series of » 
gears which reduce the high motor speed to the| 
meter speed, and the gearing is so arranged 
any one of six different gear ratios may be y 
which double or halve the adjacent s 
These gears are completely enclosed in a m 
housing with provision for continuous lubricati 
The motor is mounted on the outside of this hy 
ing so that the two form a single piece of appar 

The output from this unit is suitable for dri 
all sizes of meters up to and including the 12. 
by 36-in. size. For driving the larger siz 
meters both lower speeds and greater torqu 
required, and these are obtained by the adiiti 
of a second gear box. The combinations of 
ratios that can be obtained in conjunction ) 
the variations in motor speed make it possibk 
drive meters at speeds of less than 1/15 to: 
15 rpm. When in use, the output shaft is a! 
with and coupled to the meter handwheel. 
weight of the unit and its reaction due to dr 
the meter are carried by an adjustable sup 
bolted to the transmission housing. 

(3) Mechanical breather.—The displacement! 
of the industrial meter is based on the require 
that there be no appreciable pressure diffe 
between its inlet and outlet. Also, the w 
another rotary meter operated at constant 9 
as the reference meter for this test imposes 
additional requirement that the flow reaching 
reference meter shall be steady and nonpuliti 
As the discharge from a rotary meter pulsates' 
a frequency four times the meter speed it 1s nf 
sary to apply some means of neutralizing 
pulsations, and this is accomplished by the « 
bined actions of a properly synchronized met! 
ical breather for neutrelizing the larger ‘ 
irregularities and a very lightweight bres! 
diaphragm (the differential pressure indict! 
for removing the small remaining irregularities 

Two sizes of mechanical breathers are us 
this work to cover the full range of sizes of ™ 
displacement meter. The smaller of 
breathers, used in the testing of all meters 
and including the 12- by 36-in. size, is # 
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»rdion-type bellows mounted within a pressure 
sel. One face of the bellows is fastened to the 
side face of the pressure vessel. The other face 
movable, with its actuating rod passing through 
packing gland. The bellows are operated from 
cam that is a part of the mechanical drive and 
ansmission system, and the amplitude of the 
llows movement is regulated by an adjustable 
nkage system between the cam and bellows. 
e cam rotates at four times the speed of the 
dustrial meter and is synchronized with the 
eter impellers at the time of attaching the 
iving unit to the meter. The space within the 
llows is connected to the meter inlet, and that 
tween the bellows and pressure vessel is con- 
ted to the meter outlet. 
A simple prover bell suspended by a wire and 
closed within a pressure vessel serves as the 
rge breather. A larger size cam and linkage 
stem is used with this breather, but otherwise 
be method of its connection and operation is the 
ye as with the smaller. This breather is illus- 
ted diagrammatically in figure 7. 
(4) Differential pressure Indicator.—This piece 
apparatus is formed by a long, wide and narrow 
gof very thin rubber, suspended within a pres- 
echamber. The narrower sides of this cham- 
+ contain glass windows, and the bag is sus- 
baded so that when hanging freely, the narrow 
iges of the bag are visible through the windows. 
e inside of the bag is connected to the inlet side 
the meter under test, and the space between the 
ig and the pressure chamber is connected to the 
eter outlet. Thus any difference between the 
et and outlet pressures will cause the bag to 
elor flatten. As the force opposing any such 
essure difference is due to the small horizontal 
mponent of the weight of the bag, it follows that 
tremely small differences of pressure will distort 
A continuous distortion of the bag in 
» direction does not mean that the pressure 
ference is increasing so much as it means that 
be direction of the difference remains unchanged. 
s will be mentioned later, the method of keeping 
he bag in its neutral, or zero, position is by regu- 
tion of the speed of the motor used to drive the 
dustrial meter. The relatively large capacity 
the chambers of this differential pressure indi- 
tor make it possible to reduce the number of 
heed adjustments necessary to maintain zero 
essure difference. Furthermore, this large ca- 
Kcity assists in smoothing out any small fluctua- 


be bag. 
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tions in the rates of flow through the industrial 
meter and small reference meter. 

The extended range in size of the rotary meters 
makes it necessary to provide two sizes of differ- 
ential pressure indicators, one having 10 times the 
volume of the other. To protect these indicators 
against injury from excessive pressure differences, 
they are provided with shallow water seals, which 
are part of their cases. 

(5) Small air blower, diaphragm meter, and 
brake.—The small air blower is a direct-connected 
electrically driven blower capable of withdrawing 
2,000 ft * of air per hour at a negative pressure of 
about 2 in. of water and discharging it into the 
atmosphere. This blower is used to draw air (or 
gas) through the industrial and reference meters 
during the displacement test. 

As explained later in the description of the 
clearance test, a diaphragm meter is used to meas- 
ure a small flow of air or gas vented from the out- 
let side of the industrial meter. Two sizes of 
ordinary diaphragm meters, of commercial design 
and accuracy, are required to cover the large range 
in sizes of rotary meters. The smaller of these 
two meters has a capacity of 150 ft*/hr and is used 
in the testing of 10 by 30-in. and smaller rotary 
meters. The larger diaphragm meter has a ca- 
pacity of 1,000 ft*/hr and is used in the testing of 
the larger rotary meters. It is desirable that these 
meters be equipped with observation indexes. 

The brake is a simple wooden clamp that fits 
over an enlargement of the extension of the im- 
peller shaft, which is not directly driven by the 
motor and transmission system. The purpose of 
this brake is to supply sufficient braking force to 
take up all the backlash in both the meter gears 
and the gears in the driving system. 

The remaining equipment required for the field 
method includes a stop watch, four thermometers, 
one vertical water manometer, one inclined water 
manometer, a revolution counter, and all neces- 
sary tools, pipe fittings, and rubber hose required 
to connect the various units to the industrial meter. 


(b) Methods of conducting tests 


(1) Displacement test.—As the displacement test 
is usually miade with air” the first step is to close 
the inlet and outlet valves of the industrial meter, 


” This test is not influenced by the gas composition. The line gas can be 
used where there is no difficulty in its disposal; however, the number of 
installations of this type are few. 
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to seal the outlet line with a blank plate," and 
to remove a short section of the inlet piping, or 
to otherwise open the meter inlet to the air. The 
testing equipment is then connected as shown in 
figure 7, with the small air blower connected to 
the outlet to draw air through the system. The 
meter is then purged of the gas first by manual 
rotation of the impellers and then by operating 
the small air blower to remove any gas remaining 
in the system. The location of the meter hand- 
wheel is checked to see that it engages the proper 
impeller shaft so the driving system will rotate the 
meter in its normal operating direction. The 
driving system is coupled to and aligned with the 
handwheel. The cam for operating the breather 
is loosened and rotated until its position bears the 
correct phase relationship to the meter impellers 
and then locked in position. 

The reference meter is set in a level position, 
its zero differential pressure indicator is adjusted 
so that the oil bead is centered in the bowed tube, 
and a water manometer is connected to measure 
the static pressure in the meter. The gears of the 
driving system for the meter are set to operate 
the meter at a displacement rate equal to 1 
percent or less of the rated capacity of the indus- 
trial meter to be tested. To bring the system 
into final adjustment for a test, the cocks in the 
lines to the zero differential indicators of both the 
industrial and reference meters are closed, and 
the motors driving the industrial meter, the 
reference meter, and the blower are started 
simultaneously. The flow of air through the 
reference meter is adjusted by placing the %-in. 
cock in about midopen position and adjusting the 
2-in. cock until, upon cracking the zero differential 
indicator cocks, the oil bead remains near the 
midposition. The indicator cocks are then fully 
opened and the zero differential pressure is 
maintained by constant manual adjustment of 
the %-in. valve. 

Next, the rate of rotation of the industrial 
meter is adjusted to correspond with the rate of 
flow through the reference meter. To do this, 
the cocks to the differential indicator of the 
meter are cracked, and by regulation of the speed 
of the driving motor the meter speed is adjusted 
until the rubber bag remains in a neutral position. 
The indicator cocks are then opened wide, and the 


" Ifa blank plate cannot be installed in the outlet line, the line between the 
meter and outlet valve should be sealed with water. 
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meter speed is further adjusted until the | 
shows no definite tendency to swell or fla». 
However, the bag will usually show a hunting 
oscillating motion, and this is reduced tp 
minimum by adjusting the amplitude of 4 
mechanically operated breather. 

While these adjustments are being made 
well as throughout the test, the brake insti) 
on the industrial meter is set to maintain jy 
enough braking force to eliminate all backlys 
between the meter gears and to maintain a gig 
load on the driving motor. 

Thermometers are placed in the inlet and ow 
connections of the two meters, and the equipm 
is ready for test as soon as the inlet and ow 
temperatures of each meter agree within +) 
deg F. The rest positions of the two zero difz 
ential pressure indicators are checked, an 
record of the reading of the reference meter cou 
is made just before a test is started. The sy 
of a test occurs as a mark on the industrial me 
handwheel passes some reference point, and ¢ 
reference meter counter is started at the sw 
instant by the engagement of its clutch. W 
the test is in progress one operator regulates | 
speed of the industrial meter and another reguls 
the %-in. cock so that zero differential pressur 
maintained across each meter. A third obser 
reads the meter thermometers and inlet press 
every 2 min throughout a test, and keeps a re 
of the number of revolutions made by the ind 
trial meter, either by direct count or by observa! 
of the meter counter readings at the start : 
finish of a test. He also measures the dur 
of a test with a stop watch. 

The usual duration of a displacement tes 
from 15 to 20 min. It is concluded by disengag 
the reference meter index as the mark on | 
industrial meter handwheel again passes ' 
reference point. The reference meter index 1 
ing is recorded, each observer is shifted to per! 
different duties, and a second test is made as* 
as all conditions have been verified. 


Upon completion of the second test the» 
positions of the two zero differential gages 
checked to be sure there has been no shift, # 
the results from the two tests are computed. Th 
results by different observers should agree W" 
0.15 percent, and are computed by the equal 
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which 
d (ft *)=displacement per revolution 
N=number of revolutions 
p (in. Hg)=absolute pressure at meter inlet 
7 (° F)=mean of the average inlet and 
outlet absolute temperatures, 
i. e., Observed temperatures 
+458 deg. 
Subscripts i=industrial meter under test 
r=reference meter. 


ble 1 shows the observed data and computed 
uit from the displacement test of the 10- by 
n. meter already mentioned. 


TABLE 1.—Meter displacement test 


Meter size: 10 by 30 in 
Date: November 20, 1940. 


{eter No.: 11246 
xation: Southport and Courtland 


Industrial meter Reference meter 


Tempera- Tempera- 
tures : tures 


Static Index 


Index 
reading 


pres- = — pres a = 
reading | or 


sure Out- 


| 
. + | Out- 
Inlet Inlet let 


let | 


3 5 7 


in.H:0| °F | °F | revxi | in. H:0 
0.0 63226.45| 0.0 
51.9 | 50.7 \ 

51.9 | 530.8 
| 52.0! 50.8 | 
52.0 | 50.8 | 
| | | 
51.9 | 50.8 53.0] 54.2 
51.9 | 50.9 |.___.. 52.9] 54.1 
51.9 | 50.9 init 52.7 54.0 
158412. 81 


5186. 36 


0.0 | 51.97) 50.81 0.0 | 53.17) 54.30 
51. 39 ‘ | 53.74 


29. 59 509. 39 29. 59 511. 74 
| 





Reference meter displacement, from figure 10 for 335 rpm, 
d, = 0.024108 ft?. 
Industrial meter displacement, 
d 0.024108 X 5186.36 29.59 509.39 
saat Oo Ao 


30.5 29.50" 511.74 2-088 


) 


2) Clearance test.—The purpose of this test is 
determine the relation between the pressure 
p across a meter and the rate of flow through 
clearance spaces of the meter. The procedure 
ployed consists in developing a pressure differ- 
@ across the impellers by mechanically driving 
meter with the outlet closed. The gas that is 
teby pumped into the closed outlet chamber by 
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the rotation of the impellers returns to the inlet 
chamber through the clearance spaces. 

As the inner surface of a meter case is slightly 
uneven, the width of the clearances between the 
impellers and case will vary for different angular 
positions of the impellers. Hence in trying to 
maintain a constant pressure difference across the 
impellers, it would be necessary to vary the rate of 
rotation throughout each revolution, going faster 
as the impellers pass a wide clearance space and 
slower as they pass the narrower spaces. This, 
however, would not give a true leakage-time rela- 
tion because the time interval taken to pass a 
given are of narrow clearance will be longer than 
that taken to pass an equal are of wide clearance 
To overcome this disadvantage the meter is driven 
at a constant rate of rotation by the driving sys- 
tem used with the displacement test, and the 
pressure difference is maintained constant by 
venting a small variable flow of air or gas from the 
discharge chamber of the meter. This vented gas 
or air is metered with the diaphragm meter, and its 
volume reduced to the conditions (i. e., tempera- 
ture and pressure) that exist within the rotary 
meter. The simple subtraction of this metered 
volume from that calculated by multiplying the 
meter displacement by the number of revolutions 
gives the clearance flow during the test period. 

As the rate of flow through the clearance spaces 
will vary with the specific gravity (i. e., density) 
and viscosity of the gas, it is desirable from this 
standpoint to make this test with the same kind 
of gas that the meter is to measure. To do this, 
the removed section of inlet pipe is replaced, the 
inlet valve opened, the meter completely purged 
of air, and the testing equipment used with the 
displacement test replaced with that shown 
schematically in figure 8. It is noted that both 
breathers are removed and replaced by the 
inclined draft gage and the small rotary reference 
meter is replaced by the diaphragm meter. During 
a test the observed quantities are draft-gage 
reading, number of meter revolutions, time 
interval, and volume of gas vented through the 
diaphragm meter. Determinations of the volume 
of clearance flow are made at a number of different 
pressures covering the operating range of the 
meter, and the result from each is expressed in 
terms of cubic feet per minute by using the 
equation 

(Nd— V,)60 
—. = 





in which 


ge ({t®)=clearance flow per minute 
N=number of revolutions 
d (ft*®)=displacement per revolution 
V, (ft®)=volume of vented gas (difference 
of diaphragm meter readings) 
t (sec) = test period. 


Table 2 shows the observed data and computed 
results from the clearance pressure drop test of 
the 10- by 30-in. meter. It should be noted that 
these tests were made with air to facilitate the 
comparison of this method with the transfer 
method made previously with air. 


TABLE 2.—Clearance test 


Meter: 11246. Meter displacement listed by manu- 
Meter size: 10 by 30 in. facturer: 4.115 ft?. 
Rated hourly capacity: 110,000 Date: November 22, 1940. 

ft*/hr. Location: Southport & Courtland. 


——y 





Volume | Volume Volume | Bate of flow 
; : - through | through 
Time displaced through clearances, | clearances 
interval | by rotation | diaphragm A - 
ofmeter | meter | col. 3 | 60Xcol. 5 
| | col. 4 + col, 2 


Differ- | 
ential 
pressure 


| 


| in. HzO {t*/min 


0. 05 92.3 3é . 76 1.15 


.10 L t 1.87 
.-10 5 | 4 2. 05 
.10 . 0 | . 168 2.03 


2 | 5 7. . 24! 3. 


40 


.40 


(3) Auriliary clearance test.—In most installa- 
tions the industrial meter is in a location where 
small amounts of gas discharged through the 
diaphragm meter cannot be vented conveniently, 
so the clearance test is made with air. In this 
case the test is performed in the manner just 
described, the only difference is that in setting up 
the equipment the inlet section of pipe is not 
replaced and the small blower is connected to 
draw air through the diaphragm meter. After- 
ward an auxiliary test is made to obtain the factors 
for computing the rates at which gas would flow 
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through the clearances. To do this all 4 
through the diaphragm meter is stopped, an ‘ 
differential pressure across the impellers js } 
constant by varying the speed of the industry 
meter. This speed variation, as well as the driv, 
force necessary to operate the meter, is obtains 
by the manual operation of the handwheel, » 
the only test equipment required is a draft oy 
and a stop watch. One series of tests is ma 
with air in the meter and another series of tests 
made after the meter has been reconnected y 
purged with gas just previous to the removal, 
the blank in the meter outlet for its retur ; 
service. The tests in this series are made at }} 
same differential pressures as were recorded dury 
the regular clearance test with air; individ 
conversion factors are thus obtained for » 
originally recorded differential pressure. 

Although this procedure may not be quit; 
accurate as that of making the clearance test 7 
gas, no significant differences have been notice 
On the other hand, it has the advantage thu 
furnishes clearance data on meters independ 
of the gas being metered at the time end | 
facilitates the comparison of meter tests, and & 
provides a basis for a simple method of check 
the condition of the meter in the future. 

(4) Rate test—This test consists of obsen 
the differential pressure across the meter impeé 
corresponding to various operating rates of 
meter. The differential pressure is read from 
draft gage, and the rate of operation of the m 
is determined with a stop watch and the di 
observation of a revolution counter or tachomet 

As this test is affected by the gas composi 
it is always performed in the field under nor 
operating conditions. To place the meter u 
these conditions, the handwheel is disengaged, ' 
inlet section of pipe replaced (if it was not repla 
earlier), the blank or water seal in the meter out 
is removed, and all the special test equipm 
except the draft gage is removed. Figur 
shows the meter connections for this opera 
and columns | and 2 of table 3 show the obser" 
data taken during the test on the 10- by 30-1 

It should be noted from figure 10 that ' 
industrial meter is now connected in the lin 
all the gas passed through the meter goes (0! 
user whose consumption the meter has bee! ! 
stalled to measure. As it is desirable to vary! 
meter speed to cover an extended operating "5 
it will be necessary either to have a bypass am 
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TaBLe 3.—Speed test and meter proof 


Date: March 24,1939. 
Location: 3921 Wabash Avenue. 





Meter displacement at— 

Meter 

gbeed, 

% rated 
capacity 





| Meter 

| Observed | Listed by | proof | 
pressure | manufac- | 

difference | turer 


| 
| 
i 
| 





SO /rev 
4.1150 
4.1150 
4.1150 


| 


10. 81 
22. 96 


. 1150 
. 1150 
1150 


49.18 
74. 95 
108. 16 





between the velocities of the impeller surfaces at 
this line are lower than those between the impeller 
and case. Similar velocity pressures are 
produced between the ends of the impellers and 
meter case, but again the average velocity differ- 
the two surfaces is less, and 

addition the length of these clearance channels is 





An analysis of the probable effects of these 
velocity pressures together with studies of the 
results of numerous meter tests indicated that 
their combined effects are very nearly equal to the 
pressure required to produce a gas velocity equal 
to 4/3 the velocity of the impeller tips. The 
effective pressure drop (h,) is evaluated by the 
empirical equation. 


h,(in. HO) =h—(4/3)h., (1) 


h(in. H,O)=total observed pressure drop 
across the meter corresponding 
to a particular meter speed 

h.{in. H,O)=velocity pressure correspond- 
ing to the tangential velocity 

of the impeller tips. 
The value of A, is computed as follows: 
D (in.)= 


Let 
maximum diameter of the 
meter impellers 
N (rpm)=meter speed 
@ (ratio)=specific gravity 
gas, air= 
v (ft/sec) =velocity, and using 
0.075 (lb/ft®)=average density of air at 
meter 
62.34 (Ib/ft®)=average density of water 
in manometer 
(ft/sec?)=acceleration of gravity. 


of the 


32.17 


; all flo 
1, and # Meter: No. 11246 
. Set Meter size: 10 by 30 in. 
TS 1S hej Meter speed at rating: 445.5 rpm. 
industry - a aie 
he drivig 
“" — Adjust- | 7 
Observed | - Effective | 
3 obtain Meter differential | tor tip | differential | Ftd. | 
vheel. speed pressure, velocity i | “ me 
1 ini | difference | 
draft gap inlangiilinaansipsiill tet taemactiatd 
S 1S mag 6 7 
of tests ) . meres eae ae —" 
: in. H3O in. H:0 in.H30 | ft/min | ft/rev ftjre | 
ected ay 0. 061 0.000 0.061 4 0.0972 4. 0806 
‘emoval ; . 102 . 003 09 | 20 . 0415 4. 0806 
.177 016 | . 161 3.1 . 0300 4. 0806 
return { 
ade at th . 356 . 072 . 284 4. 0806 
] i we . 03 . 168 4. 0806 
eed cum . 963 . 349 
individy E dbay) 
for e . 
meter or to arrange with the user to vary the 
e quit of consumption to suit the various rates 
ed in the test. In some cases the total con- tips 
é test Wi P ; ° 
— ption of the user may be considerably below 
we the rated capacity of the meter, but this is not 
depend ectionable as long as the actual operating range ence between 
uUt 
ond | wered during the test. 
saat much greater. 
f oe (c) Computation of the meter proof 
i eheck 
he proof curve of a rotary industrial meter is 
obser ind from the results of the tests described 
r impéqmm™re by a combination of graphical and mathe- 
tes of ical steps. The first step is to plot the results 
d from e clearance test and the rate test on a common 
the m , as illustrated by lines (A) and (q,) of figure 2. 
the di next step is to compute and plot the values of 
achomet effective pressure drop, (h,), across the clear- 
ompositium™e channels for the determination of the net in which 
ler nom ance flow. The reason for this step, and a 
eter | rr explanation of it, are briefly as follows. 
waged, t ien the impellers of a rotary meter are in 
ot replactm™mion, a velocity pressure is produced just ahead 
eter oulg™fach impeller tip where it is closest to the meter 
equipm Also, a negative velocity pressure is pro- 
igut | immediately behind each tip. Each of 
opera € pressures is equivalent to the velocity pres- 
1e obs corresponding to the tip speed of the im- 
y 30-1 s. The combined effect of these two velocity 
) that sures tends to produce a flow of gas or air 
the line Pugh the clearance space in a direction counter 
roes ti he flow produced by the normal differential 
ys been Gampsure across the meter. Similar velocity pres- 
to vary GBS, acting to produce more flow in the same 
‘ting ranggetion as the main gas flow through the meter, 
ass arvU™mProduced at the so-called contact line between 
two impellers. However, the differences 
f Resear 
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column 10 against those of column 11 is show 


NDr Tle (0.075) (1: 2)(G ) 2 | the curve of figure 6. 
(2) 





(12) (60) (2) (32.17) (62. 
7G(ND)?X 10>. 


Columns 3 and 4 of table 3 show values of (4/3)h. 
and (h,) computed for the 10- by 30-in. meter, and 
the values of (h,) plotted against revolutions per In this method the flow of air through the ny 
minute are shown by the dotted line in figure 2. under test is discharged into a suitable contgiy 
The third step in the computations is to obtain The time interval of filling the container 
values of the net clearance flow by means of the meter readings at the start and end are recon 
three curves of figure 2, corresponding to each The air in the container is then measured 
observed value of the pressure drop (A), column 2, through calibrated meters. The indications 
table 3. ‘This is done by starting on line (h) with the meters are then referred to a common dens 
one of the values from column 2, moving verti- basis for use in the computation of the prog! 
cally down to the line (A,), then borizontally to the the first meter. The principal items of equipy 
left to the intersection with the line (q.), and ver- _—for this method are the transfer container. { 
tically down to the clearance flow scale to read the _ reference meters for measuring the air out o/ 
net value of (q,).. This is recorded in column 5 of container, and the blowers for circulating thy 
table 3. Other items of equipment, which contribute 
The fourth step is to divide the values of (q,) in the smoothness of operation and accuracy of 
column 5 by the corresponding values of N, sults, are the slide valves and heat exchange 
column 1, thus giving values of the clearance flow the air ducts and the electric-spark revolu 
per revolution. These values are then added to recorders on the meters. A description of 
the static meter displacement obtained from the equipment, the method of conducting a test 
displacement test, thus giving the dynamic dis- making the necessary computations follows 
placement per revolution, column 8. (1) Transfer container.—The transfer contw 
The results of gas-meter tests are commonly used in this method is a collapsible rubbe 
reported by what is known as the proof of the fabric bag with a maximum capacity of 
meter. It is the factor, expressed as a percent- 2,500 ft®. When this bag is inflated it take 
age, by which the indications of a meter must be shape of a cylinder with hemispherical ends 
divided in order to obtain the true volume of gas __ is mounted with the axis of the cylinder horia 
metered. Hence, the fifth step is to compute the and supported at the maximum horizontal 
values of the meter proof by dividing 100 times section by a wooden frame. To aid in the mai 
the listed meter displacement, as given by the nance of a uniform pressure within the bag dw 
manufacturer, by the several values in column 8 inflation and exhaustion, especially at the star 
and listing the results in column 10. the inflation period and end of the exhaus 
These computations are all that are needed as _ period, small counterweights are attached 
far as any individual meter is concerned. How- _ strings leading over pulleys to tabs along the 
ever, in order to be able to compare the proof of the bag. By this means the pressure in 
curves of meters of different design and size, it is bag is maintained at all times, at about 0.0) 
desirable to refer them to a common basis. Such of water above the atmospheric pressure, W! 
a basis is obtained by expressing the meter facilitates the final evacuation of the bag. 
speed as a percentage of the meter speed at rated (2) Primary reference meter —The primary! 
capacity. The speed at rated capacity is ob- erence meter is the same piston meter used! 
tained by dividing the rated capacity of the meter, part of the Joliet reference gas meter deseribet 
as given by the manufacturer (usually in ft*/hr), Bureau Research Paper 908. This meter 
by 60 times the listed displacement. Hence, the removal from Joliet to its present location, ' 
sixth and last step in the computation is to divide opened and carefully inspected, and, upon | 
100 times the meter speeds of column 1 by the reassembled, a few minor changes were mac 
rated capacity speed and listing the results in improve its operation at or close to atmosp! 
column 11. The result of plotting the values in pressure. The oil sump was enlarged 


(a) Description of equipment 
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is show yum system added to assist in the removal of 
pockets from the hydraulic system and to aid 
the drainage of oil from the chambers for the 
lection of internal oil leakage. Electric sole- 
ids were provided for operating the fourway oil 
pnt k and an electric recording unit was added to 
nunt and record piston strokes. The heat ex- 
hanger on the inlet line was enlarged, a new 
ster-spray system was installed, and the entire 
eter was enclosed in a galvanized sheet-iron 
using. 
(3) Secondary reference meters.—The larger sec- 
dary reference meter is a 6- by 18-in. rotary 
eter particularly machined to permit it to operate 
speeds up to 2,000 rpm, which is about three 
nes the rated speed of a commercial meter of this 


r calib 


rh the me 
le contain 
ainer or { 
ire recor) 
easured 
dications 
mon deng 
the proof 
f equipm 


ntaine:, gE. The meter is fitted with special inlet and 
Prony itlet connections to improve its calibration char- 
=e “ teristics and to minimize the pressure drop when 
emanye he meter is operated at high speeds. To aid in 
wey “MB oulating its temperature, the meter and inlet 
ecmange d outlet connections are enclosed in a sheet- 
; Lape etal housing and sprayed with water drawn from 
ma is storage basin forming its base. This storage 
i - sia is supplied with both hot and cold water so 
om, at the temperature of the circulating water, 
ws re “ich determines the temperature of the meter, 
| hie o nde adjusted to any desired value. The housing 
y ‘s this meter is shown at the extreme left in figure 5. 
, aes The smaller secondary reference meter is a 
af ee ‘tin-ease diaphragm meter, and it is used to 
“ on"Wpithdraw the final volume of air from the bag, 
—_ ‘Because a rotary displacement meter is not suited 
re br such low and nonuniform rates of flow. This 
— [meter is also used to introduce an initial volume 
paves air into the transfer container to lift the top of 
cashed e bag away from the duct opening. Therefore, 
— rt is 80 arranged that air can be metered through it 
ad - either direction. 
i (4) Heat exchanger.— The heat exchanger shown 
out 0. 
ae ol the foreground of figure 5 forms a part of the 
. ~ et duct to the large secondary reference meter. 
lt he purpose of it is to bring the temperature of 
+r used ae Ut entering the secondary reference meter to 
describe ut of the meter. This heat exchanger, through 
neeri hich is circulated the same water that is used to 
cation ae the meter, was designed to reduce the tem- 
ni Tature difference between the outlet air and 
mat” et water to 0.1 deg F when the initial difference 
mel ‘ween the inlet air and outlet water is 30 deg F. 
ged ald \9) Air blowers.—Two blowers of a type com- 
only used in ventilating work are used to circu- 
of Rese 
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late the air through the ducts connecting the 
meter under test, the storage bag and the reference 
meters. Their cases were made tight by welding, 
and leakage around the shafts is prevented by 
special packing glands into which oil is fed under 
a pressure greater than that of the air on either 
side. The large blower, when operated at 1,740 
rpm, is rated to deliver 16,000 ft*/min against a 
back pressure of 9 in. of water. The small blower is 
rated to deliver 1,600 ft*/min against the same back 
pressure when operated at a speed of 1,800 rpm. 

(6) Prime mover—The prime mover furnishing 
all the power required to operate the blowers and 
auxiliary equipment is a stock automobile engine 
equipped with a governor for automatic mainte- 
nance of constant speed. Although an electric 
motor would doubtless serve the purpose as well 
or better, the engine was selected because origi- 
nally it was planned to have the equipment port- 
able and independent of the availability of electric 
power. 

(7) Shutter valves.—- The shutter valves for divert- 
ing the air flow in and out of the transfer bag were 
designed to operate without displacing any air 
from one passage into another. As the further 
operating requirements to be fulfilled by the larger 
valve are more exacting, the construction and 
operation of this valve will be described in greater 
detail. The major operating requirements are a 
large port area, no leakage, no air displacement 
during motion, and a very short time of travel— 
a small fraction of a second. Studies of the pos- 
sible valve designs to meet these conditions led 
to the development of a shutter or slide valve 
constructed entirely of standard cold-rolled steel 
members. 

The seat and valve cover are made from milled 
sections of cold-rolled steel fastened together to 
form a grilled framework supporting the valve 
slide. When assembled the seat is mounted on a 
2- by 3-ft rectangular frame with a central parti- 
tion bisecting the two shorter sides to form the be- 


ginning of the dividing wall between the two outlet 
ducts. 


Oil grooves in both seat and cover com- 
pletely encircle the openings, and oil under a 


slightly higher pressure than the air on either side 
of the valve is fed into these grooves to seal the 


valve. These grooves are covered at all times by 
the valve slide or by narrow spring-operated bars 


that slide over and cover the grooves whenever 
they are uncovered by the movement of the main 
slide plate. 


Figure 11 shows a vertical section 
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| ODUCT TO RECEIVER } | OUCT TO ATMOSPHERE 


Figure 11.—Longitudinal section through large shutter 
valve, showing relation of valve slide, oil grooves, and oil 
groove covering bars. 


through the valve and illustrates the location of 
the oil grooves and sliding bars when the valve 
slide is in one of its two rest positions. 

The valve slide, or plate, is a single piece of 
\-in. flat, cold-rolled steel plate, about 15 by 38 
in. It moves in a direction parallel to the short 
dimension, and the relation of its width to that 
of the valve seat is such that, as it starts to close 
one port, it simultaneously starts to open the other. 
Thus the total area of open passage through the 
valve remains constant. Motion of the valve 
is obtained from three oil cylinders and pistons 
connected to the center ard ends of the slide. 

The oil cylinders, connections, and supports are 
designed for an operating oil pressure of 500 Ib/in’. 


With this pressure, the force transmitted by each 
piston rod is 750 lb. and the mounting for the 
cylinders and valve frame is such that the ap- 
plication of the total combined force of 2,250 lb. 
on the valve slide does not cause any deflection 


in the valve slide, seat, or cover, in excess of 
0.002 in. 

A cross section of one of the oil cylinders is 
illustrated in figure 12. The cylinders are double- 
acting, with the piston rods extending through 
bearings in both ends to insure that the actuating 
forces in the two directions are equal. The 
piston rods are square, to facilitate adjusting for 
clearance changes and heavy enough to withstand 
the full operating force in both tension and com- 
pression. 


Fiaure 12.—Longitudinal section of a cylinder, showing the 
outlet ports which are closed by the piston, thereby decelerat- 
ing it 
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The main purpose of this particular oil cyli, 
design is to assure a very short time of valve in, 
by providing for maximum acceleration 9; 
start of the valve movement and a contr 
deceleration at the end. The two plungers, 4 » 
B, on opposite sides of the piston are free to 
on the piston rod, and when unrestrained ; 
springs cause them to assume a position aboy 
in. from the ends of the piston. The illustra 
shows plunger B in about this position, with 
piston moving from left to right. As the pis 
nears the end of its stroke, plunger B closes ; 
exit oil port at the end of the cylinder and cays 
all the remaining oil to be discharged thy 
These side ¢ 
charge ports are closed by the piston during 
final 2 in. of valve travel, and are shaped to ¢ 
uniform deceleration to the valve. At the « 
the valve movement the end of the piston is fy 
with the inside face of the plunger B, and plu 
A is being separated from the piston by its s; 
This separation is completed before the 
moves in the opposite direction, as it takes bu 
few seconds, a time interval which is always 
than that between successive movements of 
valve. To start motion in the opposite directix 
oil is introduced through the large port at th: 
of the cylinder, and as the piston moves thr 
the first 2 in. of its stroke, additional oil ports: 
opened. Figure 13 shows the valve in cow 
of construction. 

The oil for operating the pistons is circulst 
by a high-pressure gear pump, and its flow to 
from the cylinders is controlled by a four-way | 
cock. Particular attention was given to th 
sign of this cock to assure a very smvoth actic! 


ports in the side of the cylinder. 


The core of the cock is suspended in the bo: 
two double-row precision-ground ball bea 
When fully open in either direction the area 
the oil passage through the cock is equal to | 
combined area of the three oil pistons. Rotat 
the core of the cock through 90° diverts the lu 
pressure oil from one end of the cylinders to 
other, and at the same time permits oil from | 
discharging ends of the cylinders to flow back ! 
the oil sump. 

Two steel bottles, each of about 100-in.’ 
pacity, are mounted in parallel above the four-w%! 
cock and serve as accumulators or reservolls ! 
high-pressure oil. When the shutter 
ready for operation about 40 percent of 
volume of these accumulators is filled with ca! 
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Fiaure 16 Jump-spark revolution counter attached to a rotary gas mete 





ie from high-pressure storage. When the 
way cock is rotated the carbon dioxide, 
expanding, causes the rate of oil flow into 
cylinders to be greatly in excess of the pump 
wt, thus effecting very rapid operation of 
valve slide. By this expansion and ejection 
i] the pressure in the accumulators drops about 
percent, and it requires about 8 seconds for the 
np to refill the accumulators and restore the 
nal pressure. This pressure may be main- 
ned at any desired value up to 500 lb/in.? by 
adjustment of a relief valve on the pump dis- 
ve. This method of supplying power for the 
» movement, together with the shape of the 
inder ports, provides a very rapid acceleration 
controlled deceleration. 
‘wo large electric solenoids, each capable of 
ring a pull of about 40 lb through a distance of 
. are used to rotate the core of the four-way 
k. The current for these solenoids is obtained 
» two 6-volt storage batteries connected in 
es and controlled by two switches that are 
rocked by a system of relays. The first of 
eis a double-throw toggle switch, and the side 
which it is thrown determines which solenoid 
be energized and thus the direction in which 
shutter valve will move. The second is a 
wing switch driven by the meter being tested, 
ich insures that the meter impellers are always 
the same position when the valve slide starts 
move in either direction. The electric circuit 
{to accomplish this result is shown in figure 14. 





"OD COM ON VALVE SOLENOID COM ON VALVE 
g 


/ 
fT} ON OPBRATED HEAVY 


OuTY Switch 











| INTERLOCHING RELAY 


| bh 
TORAGE BATTERY _ | IN TERLOC RING RELAY 
' 
. | 
| 
| 
’ 


ROTATING 


” > = CONTROL SWITCH 
——at eed 
MANUAL \ | 


CONTROL SwiTCH 





Born 





URE 14.—Diagram of circuits for controlling operation’ of 
large slide valve. 
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The solenoid circuits are automatically opened 
by an oil-operated, heavy-duty snap-acting knife 
switch a fifth of a second after the movement of 
the four-way cock so as to avoid having the relay 
contacts open under the heavy current (100 am- 
peres or more). Also all other electric circuits 
controlling the energizing of the solenoid circuits 
are automatically opened immediately after their 
respective relays have completed their individual 
movements and are not energized again until the 
start of the next movement. The short time the 
various electric circuits are energized permits the 
use of very heavy currents in order to obtain 
maximum speed of action without danger of over- 
heating the relays or solenoids. Figure 15 shows 
the valve in its actual service location, the entrance 
and exit ducts, the oil headers for sealing the valve, 
the hydraulic cylinders, the accumulating bottles, 
the four-way cock, and the two electric solenoids. 

The small shutter valve is similar to the large 
one, but it is much simpler because of its smaller 
size and the fact that the time interval between 
successive valve movements can be measured in 
minutes rather than seconds. The valve seat and 
cover are each made from a single piece of flat 
cold-rolled steel 3/4 in. thick with ports and oil 
grooves milled out. The valve slide is a single 
piece of 1/8-in. cold-rolled steel plate with the 
piston rods attached to extensions at the four 
corners and operated by two double-acting cylin- 
ders. These two oil cylinders with their pistons 
are designed to control the acceleration and de- 
celeration like those for the large valve, but the 
design is not as elaborate because the mass and 
required speed of the valve slide are much less 
than those of the larger valve. A simple 1/4-in. 
four-way cock operated by a pair of solenoids is 
used to control the operation of this small shutter 
valve. The same type of relay control system is 
used, with the rotary switch being operated by 
the secondary reference meter. The high-pressure 
oil line to the four-way valve is taken directly 
from the oil-pump discharge that connects it 
indirectly to the two high-pressure accumulators 
of the large shutter valve. The total port area 
of this small valve is about 20 in.?, and the stroke 
of the valve slide is about 3% in. This small 
shutter valve with its inlet, its two outlet ducts, 
and its oil reservoir are visible just above the heat 
exchanger in the foreground of figure 5. 

(8) Revolution recorders.—It has been mentioned 
previously that it is necessary to start and finish 
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the test of a rotary meter without any change in 
the meter speed, so it is necessary that the meter 
reading at the start and finish be taken while the 
meter is in operation. As it is impossible to read 
by eye the index of any operating meter at the 
exact instant of the beginning or ending of a test, 
a form of electric recording index was developed 
that is attached to both the reference meter and 
the meter under test. Figure 16 shows one of 
these recorders, which has a series of five rotating 
helices geared together so a 10-to-1 relation exists 
between revolutions of successive helices. Each 
helix is formed by winding Nichrome wire in a 
helical groove cut in a Bakelite spool with a uni- 
form advance of 1 in./revolution. In attaching 
the recorder to the meter, the first helix is con- 
nected directly to the regular meter index shaft; 
in the case of a rotary meter this is an extension 
of one of the impeller shafts. 

The record is obtained by causing an electric 
spark to pass from each helix wire through a sheet 
of paper to the sharpened edges of stationary 
stainless-steel strips mounted parallel to the axes 
of the helices. The gap between the metal strips 
and the helical wires is just enough to pass a sheet 
of writing paper freely. The electric sparks burn 
small holes in the paper, thus locating and record- 
ing the exact positions of each helix at the instant 
of current flow. The paper is advanced auto- 
matically after each record, and at the end of a 
test it is removed and placed on a transparency 
frame, where the spark record is read with the 
aid of a suitable scale. 

Two ordinary automobile engine ignition coils 
are used with each recorder to supply the high- 
voltage current. The secondary, or high-tension, 
winding of one coil is connected to the first two 
helices, which are series connected, while the 
secondary of the other coil is connected to the 
remaining three helices, which are also series 
connected. Each of the primary windings of the 
two coils are connected in series to make and break 
switches and a source of current—dry cells in this 
case. ‘Two such switches are used with each of 
the recorders for the meter under test and the 
secondary reference meter; those of the former are 
mounted on the large shutter valve and those of 
the latter on the small shutter valve. These 
switches are three-way microswitches, with con- 
densers connected across the switch points, and 
mounted so one is operated as the shutter starts 
moving and the other is operated as the shutter 
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completes its movement. In this manne 
time of motion of the large shutter valve is reco, 
in terms of the movement of the meter under; 
and the time of motion of the small shutter y, 
is recorded in terms of the movement of the go. 
ary reference meter. 

Similar jump-spark recorders are used wit) 
piston meter and the small secondary refer 
meter, but these meters are stationary whey 
recordings are made, so the operation of 
primary circuit make-and-break switches an¢ 
advancement of the paper are done by hand 
smaller operating range is required with these: 
meters, so four instead of five helices are 
Also, as the function of the piston meter recor 
is to count the number of piston strokes and 
revolutions, a solenoid operated ratchet is use 
advance the first helix one-tenth turn for » 
stroke. 


(b) Method of Conducting Tests 


(1) Testing of industrial meters.—To test 
industrial meter, such as a rotary meter, the ov 
of the meter is connected to the suction side of 
large blower, as shown in figure 17. The rev 
tion recorder is connected to the meter index: 
or an end of one impeller shaft, and other 
equipment such as thermometers and pres 
gages are installed. With the shutter valvs 
the positions shown in figure 17, the engin 
blowers are started and brought up to the de 
speed. In one system this causes air from 
room to be drawn through the industrial : 
and discharged back into the room, whereas in 
other system the small blower circulates air 
closed circuit, which includes the heat excha’ 
the secondary reference meter, and the butt 
valves Mf and N. Butterfly valve N is adju 
so that changing the position of slide D of thes 
slide valve does not influence the rate of air! 
through the secondary reference meter, and bu! 
fly valves P and M are adjusted to obtain 
desired rates of flow through the industrial 
secondary reference meters, respectively. 
temperature of the water circulating over 
secondary reference meter and through the} 
exchanger is adjusted to be a few degrees al 
the room temperature. 

The operation of the two slide valves is ched 
to assure that all of their operating elements 
functioning properly. The small slide val'é 
left in the position where air flowing throug! 
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ng 17.—Diagram of the arrangement of equipment used 
the transfer method of testing large-capacity gas 
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ndary reference meter is discharged into out- 
air until practically all the air in the bag has 
withdrawn and is then returned to the posi- 
shown in figure 17. 
fore starting a test all remaining air must be 
ved from the bag. This is done by adjusting 
«N to produce a back pressure on the blower 
age of about 2.5 in. of water above atmos- 
¢ pressure, and then valve J is opened, which 
iis air from the bag to be discharged through 
nill secondary reference meter to the outside. 
elast of the air is withdrawn from the bag the 
ure at the blower outlet drops to atmospheric 
ure, while at the blower inlet the pressure 
bs to 2.5 in. of water below atmospheric pres- 
Operation of the equipment under these 
litions is continued until successive spark 
ds spaced 5 min. apart show a change of 
treading of less than 0.2 ft,’ as it has been 
that this provides a reproducible criterion 
mplete evacuation of the air from the bag. 
,it provides a very good check against leak- 
because if there is any leakage sufficient to 
i the results adversely, it will not be possible 
duce the rate of outflow to as low a value as 
The last spark record made while evacuat- 
he beg also becomes the first record for the 
which can be started as soon as valve J has 
closed. 
be irst step in the test procedure is to measure 
all amount of air into the bag to separate the 
td bottom surfaces. This is done in order 
the bag can receive a large and suddenly 
ed flow of air into it without injury and 
but causing any appreciable resistance to this 
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air flow. To accomplish this, valve K is opened a 
predetermined amount and butterfly valve N is 
changed back to its original setting. This draws 
air from the room through the small secondary 
reference meter and discharges it into the bag at a 
rate of about 10 ft?/min. At the end of 5 min 
valve K is closed ind a record of the index of the 
meter is made with the jump-spark recorder. 
The temperature of the air flowing through the 
meter is recorded every minute during this intro- 
duction period, and the average of these tempera- 
tures is taken as the meter temperature and used 
as such in the computations. 

The second step in the test procedure comprises 
the main portion of the test, wherein air measured 
by the industrial meter being tested is discharged 
into the transfer bag. As this meter has been 
operating at the desired rate during all the prep- 
aration period so that it should have reached a 
condition of temperature equilibrium with the air 
of the room, we proceed by closing the switch, 
which will shift slide A of the large shutter valve. 
This closes duct C and opens duct B, causing the 
air flowing through the meter to be discharged 
into the transfer bag. When the bag is nearly 
full, the slide A is returned to its starting position. 
During each movement of the valve slide two 
records are made on the jump-spark recorder. 
The difference between the means of each pair of 
records * represents the number of revolutions 
the industrial meter has made while it was dis- 
charging air into the bag, and the difference be- 
tween the two records of a single pair represents 
the number of revolutions the meter has made 
while the valve slide was shifting positions. 
Other data that are recorded at frequent intervals 
during this portion of the test procedure include 
the air temperature at both inlet and outlet of the 
meter, pressure drop through the meter, gage 
pressure at the meter inlet, and various operating 
readings that show the functioning of the meter- 
testing equipment but are not needed ip the 
computations. 

The next step is to measure the air out of the 
bag through the secondary reference meters. As 
the larger reference meter has been in operation 
for considerable time and has reached equilibrium 
condition, this step is started by the movement of 


® The mean value was used to reduce the effects of any variations in rate 
of valve travel. However, as the rate of valve travel proved to be very uni- 
form, the use of either set of extremes would not change the test results appre- 
ciably. 
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slide D of the small shutter valve to close port EF 


and open port F. With this change, air is drawn 
from the bag, through the heat exchanger, through 
the secondary reference meter, and discharged into 
the room. It normally requires 6 to 7 min for 
this operation, and during this time the static pres- 
sure, pressure drop through meter, and both inlet 
and outlet meter temperatures are recorded every 
minute. Just before the bag is completely de- 
flated the small shutter valve slide D is moved 
back to its starting position. The same type and 
number of jump-spark records are made with each 
movement of this small shutter valve as were made 
with the large shutter valve; thus a record of the 
speed of the valve action and number of revolu- 
tions made by the secondary reference meter is 
obtained. 

The final step is to complete the evacuation of 
the bag, metering it out through the small sec- 
ondary reference meter in the manner already 
described, with the exception that in this case the 
temperature of the air entering the meter is read 
every minute. 

(2) Computations of test results—To illustrate 
the computations involved in these tests, the fol- 
lowing symbols will be used: 


C (ratio)=Coefficient or correction 
factor of the meter 
under test 

d (ft *)=Displacement per cycle 
or per revolution 
M (lb)=Total mass of air passed 
through the meter 
n=Number of cycles or 
revolutions made by 
the meter 
P (percent)=“Proof” of meter under 
test 
p (in. Hg. at 32° F)=Average absolute static 
pressure of air at me- 
ter inlet 
T’ (°F)=Average temperature of 
air flowing through 
meter 

p (lb/ft *)= Density of the air 

Subscripts a=Flow through small sec- 
ondary reference me- 
ter (i. e., the dia- 
phragm meter) into 


bag 


b=Flow through smal} 
ondary reference 
ter out of bag 

c=Industrial meter },j 
tested 

s=Secondary reference 
ter 

p=Primary reference 
ter (i. e., the pis 
meter). 


From the description of the test procedure ; 
obvious that the mass of air introduced int 
bag is equal to the mass of air withdrawn from 
bag, providing there has been no leakage or 
densation of any moisture in the introduced 
It should be noted that the test procedur 
cludes a test for leakage and also that the temp 
tures of the secondary reference meters are m 
tained slightly higher than that of the room 
is also exercised to prevent any condensatin 
moisture within the bag. Under these condi 
the following equations apply: 


M,+M.=M,+M, 


M.=M,-+1 


M,=paXdaXM 
M.=p.Xd,.Xn,-> 
M,=p, Xd, Xn; f 
M,=p,Xd, XN» 


The density p may be computed by ' 


Pas, 1.3225) (p—0.378e) 
p 458+ 7" 


’ 


~ 


in which e (in. Hg at 32° F) is the partial ; 
of water vapor in air. This equation can | 
arranged to the following: 


0.378 
(1.3225) (a—* joy! P 


== p 
von 458+-7" 





As the equipment is operated to assure thi 
sence of water-vapor condensation in any 
metering systems, the percentage of water ' 
in the air flowing through each of the four = 


remains constant. The factor 0.378¢/p is ain 
proportional to the water-vapor percentage 
becomes a constant and may be combined 


@ See equation 7, BS J. Research 7, 118 (1931) RP335 


Journal of Res 





ference 
_ the pis 


ocedure } 
ced int 

wn from 
Kage or ¢ 
roduced 
L.oced Ny 
the tem; 
rs are m 
room. | 
densat 


se cond 


rtial p 
mm cant 


; 


ssure the 
n any ol 
water ¥ 


e four = 


9 Ip is au 


rentage 
ymbined 


| of Re: 


(10) 


K=1.3225 (1 


__ 0.378¢ 
Pp 


— ae! 
one (ase + rT) 


(11) 


Applying equations 7 and 11 to equation 6 gives 


Kpddte 


Kpydyn, e 


a nC. Kp.d.n, : = (1 ) 
458+7, 458+7T, ‘“ 


sr) 458+. 
ich may be reduced to the following: 


Pad gNo 


458+T. 


prdyn > 
458+T;, 


pan, ; 
~ 458-+-7" (13) 


» correction factor for the industrial meter is 


Pad aNa 


458+T" 


pee My Prdyny 
vt 45 58+ T, 
_piline 
458+T. 


(14) 


}conform with the general practice in the gas 

y, the results of meter tests are presented 
percent meter proof.” The relation between 
ueter proof and the correction factor is 


0 
P= c (15) 


oy applying this to equation 14, we have 


Bas, 
i » X 100 


ape Palen, 
4: 58+T 458+ T; 





Pad Na j (16) 


~ 458+7 


quation 16 is the formula which could be used 

late the “percent meter proof” of the in- 
rial meter if neither of the reference meters 
red calibration. Actually these reference 
require periodic calibration to determine 
r correction factors. By the use of these 
ection factors, equation 16 becomes 


7s +p X100 


14 PidinsCy _padansCe 
458+T, 458+7; 


P.= 





padnC 


458+7" (17) 


iis the equation used to compute the proof of 
‘et tested by this method. It should be 
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noted that the formula not only includes a correc- 
tion factor for the larger reference meter but also 
includes two separate correction factors for the 
diaphragm reference meter, one factor for the 
meter operating in one direction, the other factor 
for the meter operating in the reverse direction. 
The results of some of the many tests on industrial 
meters are shown in section III, 3. 

(3) Calibration of secondary reference meters. 
The two reference meters are calibrated against the 
piston meter without removing either from their 
operating locations. This is done by measuring 
air into the bag through the piston meter and with- 
drawing it through one or both of the reference 
meters. As the final evacuation of the bag is 
always made through the diaphragm meter, the 
correction factor for this meter when measuring 
air out of the bag must be used with all calibra- 
tions. The correction factor for this diaphragm 
meter measuring air into the bag is obtained by 
comparing its indication after a volume of air has 
been measured into the bag with its corrected in- 
dication on measuring the same air out of the bag. 

In the process of determining the correction 
factor of the larger reference meter it is not neces- 
sary to start the inflation of the bag through the 
diaphragm meter because the operating iate of 
the piston meter is low enough that the discharge 
from it can be diverted into the completely col- 
lapsed bag without affecting the pressure equilib- 
rium conditions of the meter. As in the testing 
of an industrial meter, most of the air is with- 
drawn through the larger reference meter, and the 
final evacuation is completed through the dia- 
phragm meter. Thus the determination of the 
correction factor for the larger reference meter in- 
volves the use of that for the diaphragm meter. 
This, however, is not objectionable, because even 
a rather large uncertainty in the latter would 
have no significant effect on the former, since the 
volume metered by the diaphragm meter is only 
2 to 4 percent of the total volume of over 2,000 
ft® in the bag. 


(c) Discussion of some of the special features 
of the equipment and operating proce- 
dures 

One of the most important features of this 
equipment is the use of the jump-spark recorders. 

These recorders eliminate personal errors in the 

reading of the meters and provide permanent 

records of the meter readings. Also, as mentioned 
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previously, they furnish information on the oper- 
ating speed of the shutter valves. 

As previously described, both the piston meter 
and the larger secondary reference meter are en- 
closed so that their temperatures can be regulated 
by water sprays. When preparing to use the pis- 
ton meter a sufficient length of time is allowed for 
the meter temperature to reach that of the spray 
water before a test is started. As the spray-water 
temperature is never more than 2 or 3 deg F from 
the room temperature, it seems reasonable to take 
the water temperature as the temperature of the 
meter and the air therein. While no direct com- 
parisons have been made, indirect checks obtained 
from several calibrations of the secondary ref- 
erence meter and calculations of the heat-ex- 
changer capacity indicate that the probable un- 
certainty this may introduce is well under 0.5 
deg F. 

In the case of the secondary reference meter, 
the air temperature is measured as it enters and 
leaves the meter housing, and the mean of these 
is taken to represent the temperature of the air 
in the meter. The thermometers used to indicate 


these two temperatures were interchanged from 
time to time, which accounts for most of the 0.2 
to 0.4 deg differences of temperature observed 


between these two points. No corrections for 
calibration or emergent stem were applied to any 
of the thermometer readiogs, as such corrections 
would not modify the final results enough to justify 
their use. 

It is not practical to control the temperatures 
of the meter under test with a spray system and 
heat exchanger because of the enormous differences 
in the sizes of meters involved. This is com- 
pensated for as much as possible by operating 
the industrial meter under steady conditions for 
a sufficient length of time before the test is started 
to obtain a practical degree of temperature 
equilibrium with the airin the room. Also frequent 
readings of both inlet and outlet temperatures are 
taken, and the average of the two sets of readings 
is used as the temperature of the air passing 
through this meter. 

An estimate of the degree to which the deflation 
of the bag is reproduced may be made from a 
comparison of the tests of the small secondary 
reference meter. In three tests of this meter 
with the piston meter the maximum departure 
from the average was 0.4 ft*, while in two com- 
parisons of the meter, operating first in one direc- 
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tion and then the other, the departure from 4 
mean was 0.2 ft*. As the degree of bag deflas) 
is not the only possible source of variation 
seems probable that the maximum differeng» 


the volumes of air remaining in the bag on gy 


cessive deflations will not exceed 0.4 ft*, Sj, 


the total volume of air transferred to or from ¢ 


bag in any test usually exceeds 2,000 ft *, th 
ft* difference in residual volumes represents ; 
uncertainty of only +0.02 percent. 


(d) Discussion of the sizes and types of met 
that can be calibrated 


Although this equipment has been used alm 
exclusively in testing rotary-displacement mete 
its usefulness is not limited to such meter, 
can be used for testing almost any type of ¢ 
meter, such as rotary, bellows, and rate of fh 
or head, meters, provided the meter can 
operated at approximately atmospheric pressy 
and the pressure drop across the meter will 
exceed 9 in. of water. For example, a low dif 
ential-pressure orifice meter can be calibmt 
very readily. In a test of this kind the oni 
meter would be connected to the large blo 
inlet, and the operation of the large shuy 
valve would be linked to a suitable timing m 
anism so that an accurate record woul 
obtained of the interval of time during which; 
is discharged into the bag. The total volume 
discharged into the bag would be measured 
of the bag by the secondary reference meter 
from these data the actual rate of flow thr 
the orifice meter would be calculated. 

The range of gas-meter capacities that ca 
tested is very wide. The upper limit is govem 
by the capacity of the large blower and | 
resistance of the ducts to the movement o! 
through them. The maximum rate obtal 
thus far was about 700,000 ft* of air per! 
and at this rate the operating data, which ar. 
reported, indicated a relatively high pres 
drop between the industrial meter and the suc 
of the large blower. If this flow resistance ¥ 
reduced by replacing the 23-in. duct with a 
duct, which was the size of the industrial 
connection, a rate approaching 1,000,000 f 
would be obtained. The lower limit of cap 
is not as well defined as the upper one bet 
generally it is not necessary to test meters at ® 
below 2,000 ft*/hr, although some tests ™ 
made below this figure. If very many tests “ 
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ter are necessary below this figure, it is better 
connect the meter in series with the piston 
ter and make a direct calibration. The low-rate 
ts of the 4- by 12-in. meters reported in section 
ere made in this way. Also, the small rotary 
ter, used in the displacement tests of the field 
thod, was calibrated in this manner, at rates as 
-as 100 ft */hr. 


Comparison of results of testing 
meters by the two methods 


‘igures 18, 19, and 20 illustrate the results of 
ts made by the two test methods on rotary 
ters ranging in size from a listed displacement 
pacity of 12,500 to 800,000 ft*/hr. The serv- 
meter groups represented by these figures are 
w meters, meters from service of 5 to 15 years 
both purified and unpurified gas, and a single 
ter that had been injured by improper clean- 
The conditions under which the two test 
thods were used and the dates differed con- 
erably. The tests by the transfer method 
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18.-—Results of testing service meters by the two 
methods, both as received and after cleaning and oiling. 


lid lines were developed from the results by the field test method while 
the points are the results by the transfer method. 


sting large-Capacity Gas Meters 


CAPACITY 12,500 
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CAPACITY 33,000 FT® /HR 


METER PROOF 
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CAPACITY 110,000 FT®/HR 


METER RATE % RATED CAPAGITY 


FicurE 19.—Results from tests of new meters by the trans- 
fer method (points) and the field test method (lines). 
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Figure 20.—Results of tests by the two methods of a rotary 
meter having excessive clearances. 


were made in the shop under closely controlled 
conditions, whereas the tests by the field method 
were made under whatever conditions of tem- 
perature and weather existed at the time. The 
time interval between the test by one method 
and the other was from 1 to 2 years for most of 
the meters. 

In figure 18, the top three graphs show the 
results of testing the meters as taken from service; 
the bottom three graphs are the results after the 
impellers had been cleaned and oiled. By com- 
paring the first with the fourth, and so on, it 
appears that the cleaning and oiling of the impel- 
lers had almost no effect on the value of the meter 
proofs. However, the spread between the results 
by the two methods, as represented by the lines 
and points, is slightly less in the second group 
than in the first. An explanation for this may 
be that when making the field tests on meters at 
their point of service, it was observed that the 
impellers were covered with a film of oil, whereas 
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when the transfer tests were made the impellers 
were drier, and material removed in cleaning 
appeared to be such as would be accumulated in 
transit rather than from the gas while in service. 

The very small difference that was found 
between the calibration curves of new and used 
meters of the same size is illustrated by comparing 
graph £ of figure 18 with graph C of figure 19. 
The latter graph was from the tests of a new meter 
while the former was from a meter that had been 
in service over 5 years. As there were a number 
of other cases like this, it appears probable that 
the effect of age upon the proof curve of these 
meters is almost negligible, at least within the 
age limit of meters tested (about 20 years). 
Indeed, so long as the impeller bearings are main- 
tained in good condition so that the impellers 
rotate freely with no marked increase in the pres- 
sure drop across the meter, neither length of 
service nor the accumulation of scale and tar 
deposits from unpurified gas seemed to have any 
marked effect upon the proof of the meters. 

The graphs shown in figures 18 and 19 were 
based on tests in which air was used in both 


methods of calibration. In order to illustra, 
an exaggerated manner the differences boty, 
meter-proof curves for air and fuel gas, as » 
tioned in connection with the field method ¢, 
ance tests, tests were made upon a meter in wh 
the clearances had been increased far beyond {} 
which could be accepted in an industrial my 
The results of these tests are shown in figur 

In both graphs the lines represent the rej 
obtained by the field method, and the circle 
the individual tests by the transfer met} 
The upper curve and test points in A illustry 
the direct comparison of the two test met) 
when the meter was calibrated with air, 7 
lower curve and test points in A illustrate 

direct comparison of the two test methods w 
the meter was calibrated with fuel gas. |p 
the circles are the results by the transfer meth 
when using fuel gas. The curve was der 
from the field method when the clearance test 

made with air, and the values of both clear 
flow and meter proof to be expected when metey 
fuel gas were obtained by using the conver 
factors provided by the auxiliary clearance tes 


IV. Measurement of Pressures Within Rotary Gas Meters 


1. Instantaneous pressures within the 
closed measuring pockets of a 
rotary meter 


The rate of discharge from a rotary gas meter, 
operating at a constant pressure and speed, fluctu- 
ates slightly. These fluctuations have a highly 
distorted sine wave shape with maximum and 
minimum rates, respectively, about 1.75 percent 
above and below the average rate. Four com- 
plete wave cycles occur with each revolution of 
the meter. The momentum of the rotating im- 
pellers opposes any shift in their rotating speed, 
while the momentum of the gas flowing through 
the meter and adjacent piping opposes any shift 
in the flow rate through the meter. The result of 
these two opposing forces causes pressure waves, 
or surges, to be set up in the inlet and outlet con- 
nections of the meter. This condition may cause 
slight irregularities in the proof of a rotary meter 
by imposing on the gas, as the metering chambers 
close, momentary pressures that are higher or 
lower than the average inlet static pressure. 
Also, the arrangement of the inlet piping and the 
meter speed may be such that a portion of the 
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fundamental pressure wave is reflected in an 
ner to accentuate this pressure difference. 
Actually, the pressure that should be measu 
and used in reducing the volume indicated } 
rotary meter is the average pressure of the 
while trapped in the measuring chambers du! 
the interval of time each compartment is ‘ 


FicurE 21.—Diagrammatic representation of method 
measuring the instantaneous pressure within a “ 
metering chamber. 


The cores of the commutating valves were gear driven from the "? 
shafts at twice the impeller speed. 
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sly closed. In order to measure this pressure, 
special commutating valves were built. 
se valves were driven by the meter through a 
train at twice the meter speed, and were so 
-hronized with the impellers as to be open 
during the interval each respective chamber 
completely closed. Inclined water manome- 
were used to measure the pressures, and 
nections from the meter chambers through the 
es to the gages were made as short as possible. 
se connections are shown diagramatically in 
re 21, and figure 22 shows two sectional 
3 of the valves. 
sing these commutating valves, a meter was 
ed by the transfer method with various inlet 
ogarrangements. These piping arrangements 
»chosen to create exaggerated pulsating con- 
os at the inlet of the meter by the reflection 
pressure waves from the open end of various 
ths of pipe attached to the meter inlet. The 
sof meter operation were selected to include 
e at which maximum differences were ob- 
ed between the average static pressure at 
meter inlet and the instantaneous pressures 
n the metering chambers. 
he conclusions drawn from this series of tests, 
hare summarized in table 4, are: First, with 
ppe connected to the meter inlet (i. e., the 
al test arrangement), the average static 
sure, as Measured at the regular inlet pressure 
, is a satisfactory pressure value for use in 
buting the meter proof and introduces no 
rciable error. Second, regardless of the 
t piping arrangement and its resonant char- 
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‘sR 22.—Cross sections of the commutating valves. 
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acteristics, the use of the instantaneous static 
pressure within the meter chambers while closed 
will practically eliminate the effects of pulsetion. 
Third, the magnitude of the effects of reflected 
pulsations obtained with two different lengths 
of inlet pipe were practically the same and were 
relatively small, the maximum being about 0.6 
percent. 


TABLE 4.—Effects of pulsations in the meter inlet upon the 
proof of a 6- by 18-in. rotary meter 








Pressures Meter proof | Meter 
Rit ame 
| percent- 
Test number | Date | Differ-| ,.. “losed | Aver- | Closed | age of 
ential Paachiy “4 -as- | age in- meas- | rated 
across e ‘ uring jict pres-| uring | capac- 
meter pockets} sure |pockets| ity 








A—ONE 8-IN. ELBOW AND 16 FT. OF 8-IN. PIPE CONNECTED TO METER INLET 





in. H:0 in. HxO in. HO]  % 3 % 
i cnctscsonisaaal 0.408 | —0.04 +0.213 | 99.67 | 25. 49 
611 on . 542 —.11 | +.456 99 91 | 40. 81 
Ti inesabibadindll .774 —.25 | —. 204 100.21 | 100.19 60. 81 
609__. . q .69 +1.61 99.92 100.49 99. 92 
608... 5 .75 | +. 150 | 100.22 | 100.44 | 103.57 
607 ‘ | 5-29 ’ | 19 |—220 | 100.65 | 100.42) 131.28 
606 § 48 —1.77 100.45 | 100. 41 144.17 


B—ONE SIN. ELBOW AND 8 FT. OF 8-IN. PIPE CONNECTED TO METER INLET 
| 

420 | —0.09 |+0 sea | 99.70} 99.76 | 26.75 
618} —.11 | +.340 | 99. 85 | 99.96 | 40.02 
830 | —.20/+2.21 | 99.60] 100.20] 54.67 
801 | —.27 | +.276 | 100.08 | 100.21 | 63.63 
.38 | —.77|-1.70 | 100 52 | 100.29 | 106.70 
.37 | —.74|—1.63 | 100.60 | 100.38 | 107.03 
74 | —1.37 |=1.26 | 100.35 | 100.37 | 141.77 


C—NORMAL INLET ARRANGEMENT—NO PIPE ON METER INLET 


| ' 
390 | —0.02 —0.071 | 99.90} 99.90) 26.32 
.518 | —.06 | —.144 | 100.13 | 100.10} 40.03 
“725 | —.15 | —.226| 100.27 | 100.25| 59.90 
21 45 | —.734 | 100.49 | 100.42 | 99.97 
49 -77 | +.32 | 100.30 | 100.57) 132.33 
69 |  |-1.23 | 100.49 | 100.40 | 149.49 


| } 





It should be kept in mind that the pulsations 
discussed here are those which originate from the 
action of the meter itself, and not from an out- 
side source. Also, the open-end pipes produce 
the maximum reflection that is to be obtained. 


2. Instantaneous pressure at the inlet 
pressure tap of a rotary meter 


The tests described above gave rise to the 
suggestion that at some angle of the impellers the 
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instantaneous pressure, measured at the regular 
inlet pressure tap of the meter, would agree very 
closely with the instantaneous pressures within 
the closed metering chambers, regardless of the 
meter rate or the resonant characteristic of the 
inlet piping. To test this, the inlet pressure tap 
of the meter was connected to an inclined manom- 
eter through another commutating valve. The 
commutating element of this valve was a disk 
having four holes near the periphery and 90° 
apart. This disk rotated over the inlet port of 
the valve and was coupled directly to one of the 
meter impeller shafts. The azimuth of the disk 
on its shaft could be changed rapidly and easily, 
without interrupting the operation of the meter, 
so that the open position of the valve could be 
made to occur at different phase angles of the 
imp2llers. 

In this group of tests the meter was run at 
different speeds throughout its operating range. 
At each speed measurements of the instantaneous 
static pressure at the regular inlet pressure tap 
were made for nine angular positions of the im- 
pellers. In the first of these the valve was fully 
open when one impeller was vertical. The setting 
of the disk was changed between each group of 
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Ficure 23.— Variations of the instantaneous static pressure 
at the regular inlet-pressure tap for three phase angles of 
the impellers and three inlet-piping arrangements. 
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readings by steps of 3.75° so that on the 
setting when the valve was fully open the imp, 
had dropped back to 30° from vertical. 4; 
same time, r2adings were made of the ay. 
static pressure at the inlet tap, and of th 
stantaneous static pressure in the closed mety 
chamber. In this manner three sets of pre 
surveys were made using the inlet piping ary 
ment listed in table 4. 

Plots of the instantaneous inlet pressuns 
three of the nine angular positions of the impdj 
are shown in figure 23. The graphs A, B, » 
refer respectively to the three inlet piping arn 
ments. The zero line in each graph repre 
the average inlet pressure as measured by 
regular pressure tap and gage. 

A comparison of these pressure lines, fo 
nine positions of the impellers, with the line of 
closed chamber pressure showed that whe 
impeller is 7.5° in advance of the vertical the 
stantaneous inlet pressure corresponds very ci 
with the closed chamber pressures. Figur 
shows plots of these two pressures for the ‘ 
inlet arrangements. In considering the result 
these instantaneous pressure measurement: 
illustrated by figures 23 and 24, it should be: 
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Figure 24.—Comparison of the instantaneous sialic ? 
sure at the regular inlet pressure tap when the im? 
are 714° ahead of the close-off, with the instantaneow' 
pressure within the metering chambers when close 
three inlel-piping arrangements. 
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, variation in the static pressure of 2 in. of 


a the n : will affect the meter proof by 0.5 percent. 
the imp, ce, the maximum effect from pulsations, which 
al. At i be produced in these tests, would amount 
the ave pout 0.8 percent in the proof of the meter. 


| of the 
ed mete 
of pres 
Ing array 


eover, these maximum effects occurred over 
ry narrow range of meter rates. Over the 
r portion of the operating range of the meter 
difference between the average inlet pressure 
either the instantaneous inlet pressure, or the 


ressurts Mure in the closed metering chamber is too 
he impel) to have any significant effect on the meter 
A, B, This is especially so for the open-inlet 


ing array 
1 represd 


jition, graph C, as normally used in testing 
» meters. 
red by though pressure waves are generated by the 
n of these meters, the very small spread of 
lines in graphs C indicate that these pressure 
es do not directly affect the closed metering 
iber pressure, or, therefore, the proof of the 
The only effect from these pressure waves 
red when they were reflected by the inlet pipe 
ich a frequency as to enter the metering cham- 


nes, for 
ie line of 
at when 
tical the 
very cio 
Figure 


and the resonance of the inlet piping, not of the 
meter. 

As the open-end pipes used in these tests re- 
flected pressure waves move effectively than will 
the usual closed piping system on the inlet of an 
installed meter, it is probable that the effects of 
reflected pulsations in any actual meter installa- 
tion will be very much less than shown by these 
tests. Also, for pulsations from any outside source 
to have any effect upon the meter, it will be neces- 
sary for their frequency and phase to be such that 
they reach the metering chambers as the impellers 
are 7.5° from the close-off position. Such a con- 
dition seems remote indeed. However, if the 
question arises in connection with an actual meter 
as to whether pulsations from any source are 
affecting the inlet pressure measurement or the 
measuring chamber pressure, a survey can be 
made of the instantaneous pressures at the inlet 
pressure tap by the use of a commutating valve. 
From the results thus obtained the magnitude of 
any pulsation effects may be determined and a 
method of taking account of them agreed upon. 
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